This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the appHcant. 

Defects in the images may include (but are not Hmited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 

As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



i 

I 

f 



Applicant : Leyetal. Attorney's Docket No.: 10280-074001 / YA-00-04 

Serial No. : 09/884,767 

Filed : June 19,2001 

Page : 4 of 6 



REMARKS 
Claims 1, 2, 4, 5, 50 and 51 are pending. 

Rejection of Claims 7, 2, 4, 5, 50 and 51 Under 35 U.S.C §11 2, first paragraph 
Claims 1, 2, 4, 5, 50 and 51 are rejected under 35 U.S.C. §112, first paragraph, for 
enablement and written description. In the office action dated June 4, 2003, the Examiner 
asserted 

The specification teaches . . . that "[t]he exogenous polypeptide was an 86-mer 
fusion protein having tandem ligand recognition sequences, a variegated segment 
of thirteen amino acids serving as a template for potential EK recognition 
sequences, a factor Xa cleavage site, segments linking the foregoing domains and 
linking the N-terminus of gene III protein" and . . . that the tandem ligand 
recognition sites are "a linear binding sequence, [and] a constrained streptavidin 
binding loop. The instant claims are now limited to a "ligand recognition 
sequence", not tandem ones, with no limitation as to a Xa cleavage site or gene 
III. The potential EK recognition sequence is 7 amino acids not 13. 

It is maintained that absent convincing proof to the contrary, these additional 
limitations in the example have some effect upon which sites will be cleaved by 
enterokinase and are important in defining an enterokinase cleavage protein. 

In the advisory action, the Examiner has maintained this rejection asserting that "although 
applicants argue that ... it is taught that several synthetic peptides with no ligand recognition 
sequence, with the recited EK cleavage site and three amino acids to the C-terminus may be 
cleaved with EK, it is pointed out that only one of these sequences, the 4th one, meet the 
requirements of claim 1." 

Applicants respectfully traverse this rejection. Even if there is only one peptide 
demonstrated in the application that meets the requirements of claim 1, has none of the structures 
required by the Examiner and is shown to be cleaved by enterokinase, this is still evidence that in 
the absence of a tandem ligand recognition sequences, Xa cleavage sites or gene III, the claimed 
fusion peptides will be cleaved by enterokinase. In addition, the Examiner completely disregards 
the additional evidence provided by Applicants in the last response that demonstrates a fusion 
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protein having an enterokinase cleavage site but none of the other structures required by the 
Examiner and that was repeatably cleaved in the presence of low levels of enterokinase. In other 
words, this was an enterokinase cleavage site flanked by entirely different structures than 
required by the Examiner and it was cleaved by enterokinase. The example relied upon by the 
Examiner together with the two examples discussed herein show that three very different 
constructs can be cleaved. Thus, Applicants have provided the Examiner with evidence that the 
claimed fusion polypeptides having the recited structure will be cleaved without the need for a 
tandem ligand recognition sequence, Xa cleavage sites or gene III. The Examiner, on the other 
hand, has provided absolutely no evidence that suggest that these additional structures are needed 
for cleavage by enterokinase. 

To further support the fact that a skilled artisan would view the evidence provided as 
sufficient to describe the claimed invention and enable a skilled artisan to make and use the 
claimed polypeptides, AppHcants submit herewith a Declaration Under 37 CFR §1.131 by Dr. 
Robert Ladner (hereafter referred to as "the Declaration"). As provided in the Declaration, 
evidence has been provided that the claimed enterokinase cleavage motif is cleaved regardless of 
what is coupled to either end. A skilled artisan looking at this evidence would believe that other 
peptides having the claimed enterokinase cleavage motif would behave in the same manner. As 
discussed in the Declaration, much is known about the naturally occurring enterokinase cleavage 
site and it has been successfiiUy cleaved in countless appUcations regardless of the sequences on 
either side of it. The structure of the claimed enterokinase cleavage site is of a similar length and 
structure as the naturally occurring enterokinase cleavage site. In addition, the naturally 
occurring enterokinase site has aspartic acid-lysine amino acids that are known to play an 
important role in cleavage of that site by enterokinase by formation of a hydrogen bond between 
the lysine residue and the enzyme pocket. In the present application, the enterokinase cleavage 
sites have aspartic acid-arginine amino acids. It has been shown that the claimed enterokinase 
cleavage sites are more efficiently cleaved than the naturally occurring enterokinase cleavage 
site. This is perhaps due to the structure of arginine which allows for more hydrogen bonds to be 
formed with the enzyme pocket. Thus, the naturally occurring enterokinase cleavage site and the 
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claimed enterokinase cleavage sites appear to work by the same mechanism. Thus, based upon 
the knowledge in the art regarding enterokinase cleavage sites, the close resemblance of all of the 
claimed enterokinase cleavage sites with the naturally occurring enterokinase cleavage site and 
the evidence provided in the application, a skilled artisan would recognized that AppUcants were 
in possession of the claimed fusion polypeptides and would have reason to believe that the 
claimed fusion polypeptides would result in enterokinase cleavage without the additional 
structures recited by the Examiner. It is clear that Applicants have provided sufficient evidence 
to support the fusion polypeptides as currently claimed. The burden is on the Examiner to 
provide any evidence to support his assertions, hi the absence of such evidence. Applicants 
respectfully request that the Examiner withdraw this rejection. 

The Examiner indicated that Applicants response regarding the justification for the 
general formula provided by the claims has merit and therefore, is not addressed in this reply. 

Enclosed is a check for the Petition for Extension of Time fee. Please apply any other 
charges or credits to deposit account 06-1050. 

Respectfully submitted, 

Date: Y/U/^^ 

Fish & Richardson P.C. 
225 Franklin Street 
Boston, MA 021 10-2804 
Telephone: (617)542-5070 
Facsimile: (617) 542-8906 
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DECLARATION OF ROBERT LADNER, Ph.D. UNDER 37 CFR SI. 132 
I, Robert Ladner, Ph.D., pursuant to 37 C.F.R. § 1.132, declare the following: 

1. My educational and professional experience and qualifications are presented in 
the attached Curriculum Vitae. 

2. I am currently employed by Dyax Corp. as the Senior Vice President and Chief 
Scientific Officer. 

3. I have reviewed the Office Action mailed June 4, 2003 and the Advisory 

Action mailed December 11, 2003 regarding the above-referenced application and 

understand that the Examiner has rejected the claims asserting that 

the instant claims are now limited to a 'ligand recognition sequence', not 
tandem ones, with no limitation as to a Xa cleavage site or gene III. The 
potential EK recognition sequence is 7 amino acids not 13. It is 
maintained that absent convincing proof to the contrary, these additional 
limitations in the example have some effect upon which sites will be 
cleaved by enterokinase and are important in defining an enterokinase 
cleavage protein. 

4. Contrary to the Examiner's assertions, the present application demonstrates 
that a peptide having the recited structure will be cleaved without the presence of these 
additional elements. Specifically, at page 40 of the present application, a synthetic 
peptide was made that had no ligand recognition sequence (Zi), had the recited EK 
cleavage site of Xaai-Xaa2-Xaa3-Xaa4-Asp-Arg, and had three amino acids making up the 
Xaa5-Z2 portion of the fusion protein. It was demonstrated that this synthetic peptide was 
completely cleaved by enterokinase between the Arg and Xaas. Thus, it is clear that 
without the additional elements recited by the Examiner, a fiision peptide having a 
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sequence covered by the claimed motif will be cleaved by enterokinase in the absence of 
a tandem recognition sequence, a Xa cleavage site and gene III. 

5. In subsequent experiments, we have prepared a fusion protein having an 
enterokinase cleavage site but none of the other structures required by the Examiner and 
have show that this fusion protein was repeatably cleaved in the presence of low levels of 
enterokinase. The fusion protein used in these experiments included a prosequence, a 
Kex2 cleavage site, a 6-mer enterokinase cleavage site (DINDDR), a serine residue, and a 
kunitz domain. We demonstrated that by using the recited enterokinase cleavage site a 
kunitz protein could be repeatable cleaved from the fusion protein without any impurities. 
Thus, it is clear that the enterokinase cleavage site as recited in the claims is sufficient to 
result in the cleavage of a fusion protein without the presence of a tandem ligand 
recognition sequence, a Xa cleavage site or a gene III sequence. In addition, it is clear 
that the 6-mer structure recited in the claims is sufficient for enterokinase cleavage. 

6. A person of ordinary skill in the art would expect fusion proteins having other 
peptide sequences covered by the claimed motif to be cleaved by enterokinase in the 
absence a tandem ligand recognition sequence, a Xa cleavage site or a gene III sequence. 
It has been well documented that the natural enterokinase cleavage site having the 
sequence Asp- Asp- Asp- Asp-Lys is cleaved by enterokinase regardless of what is 
upstream or downstream from the cleavage site. In fact, the naturally occurring 
enterokinase cleavage site has been used as part of various fusion proteins and is cleaved 
by enterokinase in each of these different settings. See, for example, Yamaguchi et al. 
(2002) J. Biol Chem. 277(9):6806-6812 (which discloses the production of active 
spinesin by expression of mature spinesin preceded by the enterokinase cleavage site and 
subsequent cleavage with enterokinase); Hung et al. (1992) J. Biol. Chem. 267: /. Biol. 
Chem. 267(29) :2083 1-20834 (which discloses the production of a thrombin receptor by 
expression of the enterokinase cleavage site and the thrombin receptor, followed by 
subsequent treatment with enterokinase); Gasmi et al. (1999) Biochem. J. 344(Pt. 2):331- 
337 (which discloses the production of YSAIH by expression of YSAIH preceded by the 
enterokinase cleavage site and subsequent cleavage with enterokinase); Karlson et al. 
(2002) J. Biol. Chem. 277(21):18579-18585 (which discloses the production of MCP-4 
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by expression of MCP-4 preceded by the enterokinase cleavage site and subsequent 
cleavage with enterokinase), submitted herewith as Exhibits B-E, respectively. 

7. In view of the evidence provided in the application and in this declaration, 
there is no reason to believe that peptides having the claimed peptide cleavage site motif 
would function differently than the natural enterokinase cleavage site by requiring 
specific upstream or downstream sequences in order to be cleaved by enterokinase. The 
claimed peptide motif is of similar length and structure to that of the naturally occurring 
enterokinase cleavage site. In addition, it is known in the art that the lysine residue in the 
naturally occurring enterokinase cleavage site forms a hydrogen bond with the SI pocket 
of enterokinase, thereby aiding in the cleavage of this peptide by enterokinase. As 
demonstrated in the application, a peptide having the claimed motif demonstrates more 
efficient hydrolysis than the naturally occurring enterokinase cleavage site. This may be 
due in part to the presence of amino acids Asp-Arg in the claimed peptides versus the 
Asp-Lys in the naturally occurring enterokinase cleavage site. It is well known in the art 
that arginine provides a larger side group that can create more hydrogen bonds than 
lysine. Thus, the presence of the arginine may form more bonds with the SI pocket of 
the enterokinase thereby aiding in more efficient cleavage by the enzyme. In view of the 
knowledge in the art of how the naturally occurring enterokinase site interacts with 
enterokinase, the requirement that the claimed peptides have the Asp-Arg sequence, and 
the evidence that a peptide having the recited Asp-Arg was more efficiently cleaved by 
enterokinase, it is reasonable to believe that any peptide having the claimed motif would 
be cleaved by enterokinase regardless of the sequences occurring upstream or 
downstream from the cleavage site. The evidence provided in the application and in this 
declaration support this conclusion. 

8. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment or both, imder Section 1001 of Title 
18 of the United States Code, and that such willful false statements may jeopardize the 
validity of the application or any patent issuing thereon. 
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cord. The longest ""P^^r"^^^^ a,^t the human spi- 
acids. A bo7^»«:,SSrat"J^omlo„,e llq23 and con- 
nesin gene was locatea »^ similar to that 

tained 13 exons, the g™«.«*"*''*'^„^d Ilq23. Spine- 

sin has a «««ple JllJ " SuTa Siort cytoplasmic do- 
sisting of, from the N temin , ^^^^ 

main, a transmembrane domMn, ^ 

containing a f tS'S^^ car;^e8 no low 

ine protease domain. Unlike * "^^^ ' . ^ region, 
density lipoprotein re^ptor domam in the 
The extracellular °° J^/^'^e do„^^^ 
sites. The sequence of the P"^**"® PT^^ej some slm- 
essential triad H»B;^gs»s"2 gjsinf i£tTm^^^^ TM- 
llarity to that of ^^^f ' 9' 41^, 40.3, 80.1, and 
PRSS3, and conn, "^arlnB «.6. 41.9, 4^^ ^ 

38.6% identity. ''^^P/^.^'^f hSSdDK^w^^^^^^ in 
ase domoin prfed*?-"^ fnd successfully activated by 
Escherichia coU, punficd. ^JJ'Si^^^^ about 10. 
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chromosome 5, has a unique and complicated structure similar 
to TMPRSS, including, from the N terminus, a proline-rich 
domain, a kringle domain, three scavenger receptor cysteine- 
rich domains, and a protease domain. However, motopsin has a 
putative signal sequence at the N terminus without an obvious 
hydrophobic transmembrane domain and thus would appear to 
be a secreted protease. 

As part of our continuing eflForts to characterize serine pro- 
teases from the CNS, we have cloned from a human spinal cord 
mRNA pool a TMPRSS that we designated spinesin or TM- 
PRSS5. As far as we know, this is the first report of a TMPRSS 
identified in the CNS. 

EXPERIMENTAL PROCEDURES 
Materials-Human tissues of the CNS for immunohistological anal- 
yses were obtained with informed consent within 12 h of death. Cere- 
brospinal fluids (CSFs) were obtained with informed consent fix)m pa- 
tients with non-central nervous system diseases. Human brain mRNA. 

L ^T^o^l^f"?''*™ extracts were purchased 

from CLONTECH (Palo Alto, CA). Tissue culture media. suppIeme^S 
pTrcHisB vector, and competent Escherichia coli DH5a cells were from 
Invitrogen. AU other chemicals were obtained fnm Wako Chemicals 
(Osaka, Japan). 

An/iftodies-Rabbit polyclonal antibodies for Western blotting and 
mimimohistochemical analyses were raised against two KLH-coniu- 

ra^CAGLVsk^^?»o'^^ (anti-human spinesin A) L 

KLH-CAGLVSHSAVRPHQG (anti-human spinesin B). and purified us- 
m protem A-Sepharose (Amersham Biosciences. Inc.). The former pep- 
fade sequence is derived from the stem region, and the latter was 
derived Irom the protease domain (see Fig. 1). 

Isolation of Human Spinesin cDNA C/oncs-Poly (A)* RNA from 
human CNS (CLONTECH) was reverse-transcribed by usinTthe Su 
perScnpt Preamplification System (Invitrogen) according to the in- 
n^f',T m"",?" • " P"'"" of degenerate primers. DP-S and 

UK-A (Table I), was performed as described previously (22. 24) The 
PCR products were ligatcd into the pGEM-T Easy vector (Promega. 

(DSO ?nnft .st f • r""""'' ""'"K nmmatic sequencer 
(DSQ-IOOO. Shimadstu Co.. Kyoto Japan). A clone corrying n 465-bp 
fragment was found to have a novel serine protoase-related sequence 
Hosod on this sequence, specific primers wore synthisiiod for the rapid 

A^^BM A°^'°^'^ 3'-RACE. human CNS 

POWA) RNA was revereo-transcribed using o!igo(dT) with an adaptor 
primer sequence at the 5'-end, TGGAAGAATACGCGGCCGCAGT,, 
^VR ,t ^li^^H <^mod using forward primer 1 and the adapti,; 
E SS!^ • PJ^Jurts of which were further amplified by nested PCR 
I Tm^ '*?u"'®' P""'^'"- 6'-RACE was performed using 

rrtih?^ " ampUfication kit (CLONTECH) according to the 

»tovction manual. In brief, nested PCR with AP2 and primer 3 was 
n^rfOTOed using products of PCR with primer 4 and API as a template. 
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Table I 
PCR primers 



Name 



DP-S 

DP-A 

Primer 1 

Primer 2 

Primers 

Primer 4 

Primer 5 

Primers 

Adaptor primer 

API 

AP2 



Sequence 



GTGCTCACNGCNGCBCAYTG 

A(3CGGNCCNCCDSWRTCVCC 

ACTGCrrcCACATrGTATG 

GCTCTCAACTTCTCAGACAC 

AGGGGGCCCCCGCTATCTCC 

ACTCAGCTACCTTGGCGTAGA 

GCTTTACAACAGTGCTACTGAC 

AAGGAATTCGAGGAAACAGCAGGACTCAGA 
TGGAAGAATACGCGGCCGCAG 
CCATCCTAATACGACTCACTATAGGGC 
ACTCACTATAGGGCTCGAGCGCC 



fragment encoding the putative mature enzyme of spinesin dle*'"- 
^^Ap'^l^tp^Si^P''^'^ .PCR (forward primer. ATAGrTCGT- 
^TwT!r;r''*'!u P^^'-V^^' 6 in Fig. 1) and subcloned 
mto pTrcHisB between the BamHI site, which had been treated with 
mung bean Monudease following the instrucUom. of the manufacturer 

mg H,DDDDK-(»"'I-L«^) was transformed into DH5a. and the recom- 

r^lT''^"' K- ""^ ""^^ "'^ "oprepyl-p-D-thiogalactopy. 
ranoside. The recombmant protein in the cells from 100 ml of cultur^ 

Tns-HCI. pH 8.0. contammg 0.2 m NoCl and 1% Triton X-100 The 
suspension (5 ml) was sonicated, and inclusion bodies were collected by 
cen nfugation and resuspended. Alter three reunds of sonication and 
centnftigation. the final pellet was dissolved with 5 ml of 8 M urea in the 
same buffer «>thout Triton X-lOO by sonication and shaken at room 
temperature for 1 h. Then the solution was diluted 10 times with 20 mM 
In!" T ' r on' 0 2 M NaCl under vigorous stirring and 

centnfuged for 30 mm at 3.500 rpm to remove debris. The supematmit 
h'p'; t • equilibrated wiU^ 20 mM 

I?» "ru f. ' 0.2 M NaCl. Following a sufficient wash (20 

^U.Z'^ .ny""- containing 16 mM imidazole, spinesin wa.s 

M N^r. AA .T" '""''«*°'V" 20 TrU-HCI. pH 8.0, containing 0.2 
M NnCl. After the removal of imidazole using a PD-IO desalting column 

n 9 u S"rf •' '""•^'^ ^° '^"■"C' P" 8.0. contoining 

V • fS',^»" was acUvnted by incubaUon with recombinant 
entorotanaso (EK Max. Invitrogen) immobilized on ^.hydroxyguccinim- 
ido-Sepharose (1 ml) (Amersham Biosciences. Inc.) for 30 min at room 
temperature to remove the HoDDDDK sequence 
^fwyme Assoy-Five m1 of the enzyme acUvated by the enterokiriase 
column was incubated wiU, 100 ^1 (20 mm) of various synthetic peptide 
mS^r^'v w**'?' "•^5:^^;^'^'^ Boc-Phe-Ser-ArJ-MCA. Bz-A^ 



^yal-Pro-Ar^-McX zlJ^^^W-M^Xi-^^^^^ 
multiple tissues was carried out using a commerdX avSe ' taK^,;^^^/^ ° SlX-mm, mcubation, the fluorescence (ewj. 

Dhosohate humtr nr n %-u i<i/^UlVi^.irJ!:r^i.-i . . i^*^.""* " 



Bi^M^i!?^!^ '*^-^?^ were"disserted ^ ted in 0 1 
fe^S^SS^S^ 4% paraforinaldehyde f« 2 days Mid thra sto^ 
■-*-=«jgi!.™9>hat6-buflfered saline containing 15% sucro^ and 0 1% 
■ande and kept at -70 "C untU use.. Sectiins were cut on a 
^^jZOjfm thickness and washed in phiosphate-buflered saline. 
^^£j,dauted laOOO with phosphate-buflered saline-Tween. 
JpBSS^'^ the spedmcm. at 4 'C for 48 h. After a wash with 
t^^rf^^^'^^'^'^ incubated with alka- 

^^^hatase-labeled goat anti-rabbit IgG for 60 min at room tem- 
Ifltrf ga*^*?^ another wash, immunoreactivity was visualized with 
^^^^^tetrazolium chloride and 5-bromo-4-chlorx>-3-indolyl phos- 
H^iSjJunter staming was not performed. 

om/ Purification of Recombinant Spinesin in a Bacteria 
n System— To obtain an active recombinant spinesin, a cDNA 



adding buCTer without ••-'•■•MtnT^"t'TTlffTlliTipiajT»>iT^^^^^ imti | it 
Z»j7.^)l5plGelitin <rfc^ 

""^^^^SDS^Poiyi^yiSi^^si^]: T*<activaSi1!SnS.i 
spmesm (100 P^.^aa^elixtaopbonaed at a;con8tant current of 20 mA 

pH 8.0), 0.2 M Naa containing 1% Tntin' X-100 at 37 "C for" 3 h and 
Aen^mcubated in 20 mM Tris-HCi; pH 8.6,' &Jntaining 0.2 m NaCl at 
37 C overaj^L The gel was stained with Coomassie Brilliant Blue 

Western Blot Analysis— The samples were appUed to a 12 5% poly- 
acrylamide gel containing SDS and electrophoiBsed. The separated 
proteins were transferred onto polyvinylidene difluoride membrane and 
then mcubated overnight at room temperature with anti-human spine- 
sm A or B diluted 2000-fold with 20 mu Tris-HCI, pH 7 4 containin.r 
0.05»Tween 20 and 0.2 m NaO. After a wash with thesam;"ul£ thf 
""tu-."^* r^tl"™*^*^ "^^^ Phosphatase-Iabeled goat Mti- 

rabbit IgG for 60 mm at room temperature. After another wash, immu- 
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AC*UaMOtAaCAA*Utf*Tmj^WT*6**TtKMTmtCTTC1ATtTTC U«« 
t«*UUmAJ«m«T«TttCTtCTeTTt*lCTicTtfcMAArTTTttTmTi 1«« 



UMf 



CTT*TTTCTrTT«t( 



lUKCTtUmCACTQttttai CTaCCTtAmOKCTtM 



IMtt 



F,c. 1. Structures of cDNA, deduced a«ino^acids^a^^^^^^^^ 

(in cDNA and 
3 exons are b 
r GC/AG) sec 



r consensus 



wmK ana .«uicd /c«enr. respectively. The essentr' ' * ° " 
tively. Putative N-glyco8ylation sites are circled. 



Fig 2. Hydropathy plot of the de- 
duced amino acid eequenco of spine- 
sin. The method of Hopp and Woods (25) 
was used with averaging over a window ot 
10 residues. Hydrophobic residues show 
negative values, whereas hydrophilic res- 
idues show positive values. The structure 
of spinesin is illustrated under the plot 
TAf, transmembrane domain; 
scavenger receptor-Uke domain; ^. cys: 
teine residues; u/isftf^-d^^^ N-glyot);, . . , 
8ylation,8itek;^,V..^.,j-^^;,X ' 
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Extracellular domain^ l^'^Ci^iVW'^'^v'^' 
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!OOH 
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SSSry of human spinal cord. Further detaJ«i study of^e 
libmy was performed since the sequence analysis of the frag- 
meTshowed that it encoded a novel senne P^oU^^'^^l 
longest clone of the 3'-RACE products obtamed usmg pnmer 2 
ri^daptor primer contained 1213 bp including a po y(A) 
TactS sequence of the 5;-RACE produ<. was 13^ bp lo^g^ 
and ite 3'-end overlapped with the 5'-end of the 3 -RACE prod 
uct (Table I), enabling the determination of the apparent fuli- 



showed that the Human spmeBia b^"" ."vo Ui.«a 

h^misome■ ii aid'f as cSm'posed of,13 • 
(Fie i):-Th4 Gt:AG ^ 6^wa4atf^ bo,undarie8..wa8 emp 

sequence of which was GC; The cDNA «J"f 

tSee possible initiation codons at the 5'-end. the ^ ^^^ 

conforming best to the Kozak ionsensus 8«iuence (Fig. 1). 

Structure of Human Spinesin Deduced from Nucleotide Se- 
9«/ence-Hydrt,pathy plots (Fig. 2) revealed an apparent hydro- 
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Fig. 3. Amino acid alignment of 
protease domains of spinesin and 
representative human TMPRSSs. The 

sequences are aligned starting from the 
cysteine in the proregion putatively en- 
gaged in the disulfide formation between 
a cysteine residue of the protease domain 
(shown by connecting lines). Dashes rep- 
resent gaps. Residues identical to those of 
spinesin are in white letters, and * shows 
complete conservation among them. Bars 
show essential triads. An arrowhead 
shows the putative cleavage site for 
activation. 
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EGREMAAVfKVVLGIHNLD HPSVfB 

--RSNSNPRDII A 
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RDIIATSGIST-------TFPK-LRM 

soptgQtaflQIhoqBq 




QRSAPGVQERRL 
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PFR0PN5EEN 
DSKTKH 
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noftf] 
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-GBOYGGgGALI 
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rfiSSri— eelatin-polyaciylamidegel as deacribed under -Experimental Pncedvres.' Lane a^n^^^^: 

r punfied clumenc spinesin; lane b, 0.05 unit of enterokmase hi,20 tm Tris-HCl, pH 8.0, contai^g 0.2 u Nacf^w c entwSe^^ m 0-5 
Ki^lKli^nS analysia of brain homogenate and cIfs. Une I. l>r2'2SltJr2X^^^^!X 



flabby a Gys residue that:mirfit ffirnf « dirinlfiH*. Knn,i ^W^^ sA^« ni^rtC^^ 



l^^ransmembrane porfaon, ^suggesting that the molecule is'rf cdrm;^^ 
l^^n. tnmsmembrane glyoDprotei^ (Figs,: 1 and 2)/ Accord- mature ei 
Bggii^g^rtei^ 

Igg'^^^^ ^^jf region jSelween;^^^^ and 
^^im>r^i^ below) each cany oniy two 

I^J^dues that might form a disulfide bridge on each 'side bf 



^membrane: Le. Cys^^-€ysf% and Cys^3_^y8^, A serine 
^KjMse domain wa[s located at De^^-Leu*?^ in the C-terminal 
^p^,<^ the molecule and contained the fflDS (His. Asp, Ser) 
ISgd essential for catalytic activity of a serine protease (Figs. 1. 
Igig^i3)^ The stem region connecting the transmembrane and 
Bgjwytic domains spans from Cys^^ to Arg^" and carries a 
receptor-Uke domain at Val"**-Gly^« that contains 
^ffi/^steines that probably form a disulfide bond. Cys^^- 
k2&^ (15). The disulfide bridge linking pro- and catalytic 



spectivelir^(Fig!:3j|Nin^ 

enzyme^ddmain of spinesin were^weU conserved among: 
otheiiiTM^lSS^ 

generate^ a matiuB form; is tentatively assig^CKl ^tweeii 
and De^^J^; which is in the highly conserved activationfrnotiC^f 
the serine protease (15);,0f the five putative iV-glycosylation 
sites, three are in the stem region, and two are in the mature 
enzyme region (Fig. 2).^^,^- :- ^ t ^ n :;Jb^K^ 
Enzyme CharacterisHca of Recombinant Spinesin Produced 
in E. coli — To demonstrate that the putative serine protease 
domain of spinesin has enzymatic activity, a chimeric protein 
in which Ile^^®-Leu**^ of spinesin was fused downstream of 
HeDDDDK was expressed in E, coli. The products were puri- 
fied from extensively washed and solubilized inclusion bodies 
using Talon chelate column chromatography. SDS-PAGE of the 
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F,o. 6. Northern bl^hybridl«^^^^^^^^^^ 
hybridization agaii«troRK^m^^ ^„ 

?»t i'S!?^!^. ;?^''L»'"2SnM b^n (flr). and heart 



kidney, liver, lung, placente. or heart suggesting a specific 
pxnression of spinesin in the CNS (Fig. 6). ,,,1 
' E p^sence'of spinesin was verified by Western blot ^al^ 
ysis of human brain homogenate. which showed a protein band 
a 52 kDa that was detectable with anti-human spinesin A 
anti-serum (Fig. 4C). The size suggests that it is a full-length 
Sesr with possibly five N-glycosylaUd sugar chains. No 
oK ditTnct bands were apparent using anti-human spinesin 
B suggesS that the 62.kDa protein is the m.«or mo ecu e 
LBcnt in the brain (data not shown). Spinesin was also de- 
Sd in tia^^^^^^^ some cases, a more rapidly migrating 
band a about 50 kDa seems dominant (Fig. 4C. lane, 2 and 4). 

Detilod ?mm^ ^^<^\'^ "V"f ""^^"3 

spinesin A showed that at the anterior ho™ of the spm^ cord 
neuronal cells and their axons were stained (Fig. ino 
Tnmie section of the spinal cord revealed "fny "ons to be 
stSied (Fig. IB), and among the 0 igodendrocjjes, 
sSS sStig of the cytoplasm and dendrites was evident 
(fS tS Sdftioh, the synapses on motor neurons were also 
S d^^g.. 7.), Neuron^ 



oit aa describ^ ^.^f^^^^^ '^^ ^ ^ ^^^^^^^^^M^' "^^^^^^ 
'«?!'e?<*^.'-1!^i^!?;i:il^M^d. - ^ ' f^iCdjta not^v^^ 




nophenylmeAan^^dgPtfy^^^ bit antipain and «^*AJfcnnotog^^ 

leuneotin stoWed no inhibitoiy effect.at 1 «nM (Fig. 5C^^« j. p^g^--^* iS*also located; human F?^i|?.L'l'i?S^r^'r^^^^ 
leupepim^8Buw«_^ ^.^^^ gamed .f^^r*^ . -J'-rf'ri^ tlie otter htmdf human; entcrokinase 

As « shown m „f en- J 2iq22:3. i^^ely, 



^S^^^ ^^^ 0.05 unit rf en 
te^to^ Se^Sther purified recombinant spin^ before 
^cSS « 005 unit of enteroldnase itself cleaved gelatm. 
?S^y c^in is not cleaved by the activated recomb. 

nant spinesin (data not shown). ^ rv<I_Pir8t. North- 
Localization of Spinesin in the Human CNS-tlrst, woirn 
uxaiuawi wi y . t_ which human tissues 

em blot analysis was performed to see wnicn n"*^ . 

p^u« spinesin mRNA using a ^•"^^"^^"y available 
bl^ A clear band was observed at 2.3 kbp in bram but not ui 



fateresti^the gei« st^rtu« of spinesin is highly sundar to 
^t^?SsS3(ll).Bothare»mp^ofl^^^^^ 
21-24 kb The protease domain is encoded on exons 8--13, ana 
Se^;rmbrane domain is encoded on the exom, 3 and 4 
Thestemr^onisencoded^^-4-82eg^^^ 

rptr:^iJrmstsr"" 
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Fig. 7. Immunohistochemistry of 
spinesin in human spinal cord. 

Experiments were performed as described 
under "Experimental Procedures," A, ant- 
erior horn of the spinal cord. Representa- 
tive positive neuronal cells (arrow) and 
their axons {arrowhead) are indicated, a, 
no positive signals in a similar region 
immunostained using normal rabbit 
serum. B, transverse section of the spinal 
cord. Representative positive myelinated 
axons {arrow) and oligodendrocytes 
{arrowhead) are shown. C, magnified 
view of a transverse section of the spinal 
cord The sporadic staining of cell bodies 
{white arrow) and dendrites pf oligodend- 
rocytes {black arrowhead) is demonstrat- 
ed. Z>, magnified view of the anterior 
horn. Arrou/s indicate spot-like staining of 
synapses in contact with motoneurons. 




share a common ancestor, although they are located on inde- 
pendent chromosomes. 

Like TMPRSS2 and TMPRSS3, spinesin has a rather short 
sequence. Although the longest open reading frame of human 
spinesin was estimated to be 457 amino acids, the first initia- 
tion codon might be a pseudo-codon. It is located on the first 
exon that is noncoding in the case of TMPRSS3. Two other 
possible initiation codons present within 30 bp downstream of 
the first codon are located on the second exon where the initi- 
ation codon for TMPRSS3 resides. The third initiation codon 
best matches the Kozak consensus sequence and may thus be 
the actual initiation codon. This would make the length of the 
spinesin 447 amino acid residues. However, further analysis is 
required to elucidate the real initiation siteCs), 

Spinesin has a rather simple domain structure canying only 
a scavenger receptor-like domain in the stem region like TM- 
PRSS2 and TMPRSS3, The latter two have, in^ addition, a low 
density lipoprotein receptor class^ ^ / 

>^ J^ereas the pther^donafi^ considerably different the 
seiike^ protease^ domfi^^ deggnee of amino add 

^^^^eiice W^ntily am protease^^doma^^ 
spdnipajn^^i^^^^^^ ©jT^similantyi witii TM;- 

MsS2i' sharing ;4^^^ 



These enzymes.areiactivatedibyjsome, yet umaentinea 
processing enzymeCs) that cleaves the amide bond C-terminal 
Is^lysine or arginine residue in a Mghly conserved activa^ 
sii^ BjTauttalogy tWii£j^^^^ the deayage^ iite 

g^itf conserved N-terminal sequence among other activated 
Rm^RSSs (Fig. 3). Actually when a chimeric recombinant spi- 
nesin'produced in E. doli was ptirified and deaved at the sitie 
^nnSponding to Ai^^-De^^® of spinesin (Fig. 1), it showed 
gnzymatic activity against synthetic substrates for trypsin, 
IcalHkrein, and plasminogen activator. This result is in accord- 
ILnce with the presence of an aspartate six residues before the 
^^ytic serine (Fig. 3), which would be positioned at the bot- 
tom of the SI substrate binding pocket like in other TMPRSS 
i)(Pig.3). 



JMTlSSnt 39i%.fj5^ 



By analogy also, we predict that the cleaved catalytic domain 
is linked with the C-terminal side of the stem region by a 
disulfide bond formed between Cys^*^ and Cys^^ (Figs. 1 and 
3). However, Western blot analysis using anti-spinesin A and B 
on the brain homogenate revealed the presence of a single 
mtyor 52 kDa band that is far bigger than the predicted cata- 
lytic domain of 240 amino acid residues even if it was N- 
glycosylated at two sites. Whether a smaller active form of the 
enzyme is present at a level below the detection limit and/or 
uncleaved 52-kDa spinesin has enzymatic activity remains to 
be seen. The mechanism underlying the production of 50-kDa 
spinesin in the CSF and whether the enzyme has activity are 
also left for ftiture studies. 

Imraunohistochemical analysis along with Northern blot 
analysis showed clearly that spinesin is located in Uie CNS, 
The neuronal cells and their axons at the anterior horn of the 
spinal cord were clearly immunopositive. Spine^^^ was stained 
in the^substantia Wj^ai ocijlom^^ tempom lob^ 

(data not shown). Fujliem spinesin was* demonstrated at 
the synapses of the'spmal cord. From thesejesults; it ^seema 
that spinesin piB^^ m. thV neuron^cytoplasngmay be 
transported ^alongjhe axons to the «y^P^^^^^S^iS^l^ 
i horn of tie spinal cord. We predict that spmesin ^present inj 
the^resynaptic regionsi^g^^w^lpS^^ 

Tfi^'t^i^^ 
onstrated spinesin^ in both neuronal axons and oli^>de|ndro- 
cytesi The physiological roles of spinesm iii Jfche synapaes^and 
oUgbdendnxytes TO be difiFerent natimdlyfrn furtKer anal- 
ysis is required to eluddate spinesin functions in differentjcell 
^sJ: It should i>e' noted here that, among 
TMPRSS2 was reported to be present in the brain, having tiecn 
detected at the mRNA level usiiig human RNA master blot (8), 
but fiirther examinations such as experiments on the cellular 
localization of the protein are needed. 

The proteolytic activities of membrane-anchored proteins 
such as membrane-type metalloproteinases and ADAM (a dis- 
integrin-like and metalloproteinase) may play roles in activat- 
ing events that take place on the cell surface. These enzymes 



CharacUristics of a CNS Protease. SpinesinlTMPRSSS 

« »_t \t 



6812 

• » — «ritK extracellular matrices and proteins on 
also may "'^"^'"^^rJctivity of a few TMPRSSs has 
SiTlT^tx^ S fibrino^n, fibronectin. and lami- 
been '^^'^^'^^.^t^ (15) Conn is a processing enzyme 
nin are cleaved by ^^V'/^:^ matriptase processes 
of proatrial namure^peptide ^d -a^p^^^ ^^^^ 

rSS^J^Ci?-^-- among synthe.c forms 
''^'^^ir^ton^^pinesinm^HSSS. a protein 
thS :n^r£7^o adds including a cytoplasmic domau, 
fr:Sr«nedoma^^^^ 

iofprss^.rpS^ap^^^^^^^^ 

SSoSrSy exp-ed in some oli^-dr^ rna^ a^^ 

izatfon of the molecule in the body including CSF. 
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Distinct Effectors to Stimulate Phosphoinositide Hydrolysis ana 
Inhibit Adenylyl Cyclase* 
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Thrombin both stimulates Ptosphoinositide hydrol- 
vsis and inhibits adenylyl cyclase in a variety of cell 
types Whether the cloned human platelet thrombin 
recep or accounts for both of thes«-gnahng events is 
unknown. We report that thrombin receptor agonist 
p^SHauses both phosphoinositide hydrolysis ^^^^^ 
hihibition of adenylyl cyclase in naturally thrombm- 
responsive CCL-39 cells. To exclude the possibility 
S the agonist peptide or thrombin itself may activate 
the e pathways via distinct receptors and to circum- 
vent a lack of suitable thrombin receptor-null cells we 
utmzed a designed "enterokinase receptor," a thrombin 
ieceptor with its thrombin cleavage recognition se- 
nuence LDPR replaced by DDDDK, the enterokinase 
deavage recognifion sequence. Transfection of enter- 
okhiase-unresponsive cells with this construct con- 
?erred both enterokinase-sensitive Phospho.nosiUde 
hydrolysis and inhibition of adenylyl cyclase The 
phosphoinositide hydrolysis response was largely in- 
Sive to pertussis toxin, whereas the adenylyl cy- 
ctie response was completely blocked by pertussis 
?Sn These data show that the cloned thrombin recep- 
to^ Jan effect both phosphoinositide hydrolysis and 
Inhibition of adenylyl cyclase via at «f J-J^^s 
effectors, most likely G,-like and G.-like G-proteins. 

Thrombin causes both phosphoinositide hydrolysis and in- 
hibition of adenylyl cyclase in a variety of responsive cells (1- 
8 ActWation of these important second messenger pathways 
presumably mediates the host of cellular events caused by 
thrombin, events important in he-ostasxs and m mf^~ 
tory and proliferative responses to vascular mjury (9). we 
re ently isolated a cDNA encoding a functional thrornbrn 
receptor (10). Whether the cloned receptor accounts for acti- 
vat on of bolh phosphoinositide hydrolysis and ^^^^^^- ^l 
cyclase is unknown, and the G-protem(s) which couple to the 
cloned thrombin receptor have not been identified. 

The cloned thrombin receptor is a member of the seven 
transmembrane span receptor family. The thrombin recep- 

* This work was supported in part by Physjcian-Scient^t Award 
NIH HT 0248-01 (to D T. H.), NIH GM27800 (to Y. H. W.), NIH 
HL44907 Z Tobacco-related Disease Research Program of the 
EnWerSy ""California Grants 2RT19 and HL43801 (to S. K CO^ 
The costs of publication of this article were defrayed m part by the 
payment of Jage charges. This article -^VST^lectioSS 
marked "advertisement" in accordance with 18 U.S.C. bection 

'"'^^ThiitoTw^rdS during the tenure of an award from the 
American Heart A sociation and SmithKline Beecham. To whom 
^ronden^e should be addressed: Box 0524, University of Cahfor- 
nia. San Francisco, CA 94143. 



tor's 100-residue amino-terminal extension bears a thrombin 
cleavage site (LDPR/SFLL with/representing the POint o 
cleavage). Structure-function studies (10-12) have shown that 
tZli cleaves the receptor at this -te. unmask.ng a n- 
receptor amino terminus beginning with the sequence 
SFLL • this new amino terminus then functions as a teth- 
ered peptide ligand, binding to an as yet undefined receptor 
domain to effect receptor activation (10). A synthetic pept^e 
representing the new amino terminus unmasked upon recep- 
tofcTeavage by thrombin is a full agonist for activation of the 
cJLed receptor, bypassing the requirement for Proteolysis for 
receptor activation (10). The ability of the agonist peptide to 
r^ mk known cellular actions of thrombin has been utilized 
S tapSe a role for the cloned receptor in specific thrombm 

'T:Z^ti^rL^t the human platelet thrombin receptor 
agonist peptide causes both phosphoinositide hydrolysis and 
nTbSion of adenylyl cyclase in naturally th-mb-^^^^^^^^^^ 
sive CCL-39 fibroblasts. Pouyssegur and colleagues (14) have 
arso observed activation of these two important second mes- 
senger pathways in CCL-39 fibroblasts using a similar ham- 
ster thrombin receptor agonist peptide. These findings suggest 
but do not prove that the cloned thrombin receptor may 
mediate both phosphoinositide hydrolysis and inhibition of 
TdenSyl cvclase. The possibility that the agonist peptide 
might act at two distinct receptors to elicit these two wel 
Sribed thrombin-induced cellular signaling events has not 

'ToSlTttepossibilitythattheagoriistpeptid^^^ 
bin itself activates phosphoinositide hydrolysis and inhibits 
adeny y cyclase via distinct receptors and to circumvent a 
fack of a suitable thrombin receptor null cell we utilized an 
artmcL! "enterokinase receptor," a thrombm recepUir m 
which the thrombin cleavage recognition site LDPR was 
repkced with DDDDK, the enterokinase cleavage recognition 
reauence (11). Most cell lines tested thus far have been null 
JJent okVnase responses. Moreover, after cleavage-induced 
Ictivat^^n he sequence of the enterokinase receptor becomes 
id ntical to that of the activated native thrombin r^^^^^^^^^^ 
(11). Post-activation signaling by the two receptors should be 

'"nsfection of cells with enterokinase receptor cDNA 
conferred both enterokinase-inducible phosphoinositide hy- 
SysTs and inhibition of adenylyl cyclase. The phosphoino- 
JtideTdrolysis response was largely pertussis toxin-insen- 
s t ve whereas the adenylyl cyclase response was comp etely 
blocked by pertussis toxin. These data show that the cloned 
^rombinreceptorcaneffectbothphosphoinositid^^^^^^^^^^ 
and inhibition of adenylyl cyclase via at least two distinct 
effectors. 
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. ....... ;U»h^<f;-lr.iu4;»u.i^* i\t-OV:. 

h at 37 'C. All wells were then aspirated and nnsed wUi^I^ 
Hepes-buffered DMEMjcdntainirigirmM BMX^foUowed^^ 




trRattl^Ui 

^j^inSRBKnii^^^^mared^™ 




W iiicubafed wHh 2*MCi/ml (nijadenihe in the same medium for ie-2CM 
II^^The abbreviations used ara^ 

DMEM^DuIbecco's modified Eagles's medium. ' [W: 



activation in^which thrbihbiti acts enzymti<»Uy^^t^^^ 
a tethered agoniBt Ugand, whereas the sjmthetic agonbt 
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Re is not tethered and acts by a nonenzymatic occupancy- 

fe^dent mechanism. .u„mbin-induced inhibition of 
P,th agonist PePt^de^^d^SS^ '^^^ ^^pletely per- 
g^ylyl cyclase m CCL-39 ^broDms ^^^^^^ ^^^^^ 

^3358 toxin-sensmve (F.g. 1. B ^^^tion of phosphoinosi- 
fe^'^^Sv^fw^ oTy pS?iS^^^^ toxin-sensitive 
^ ^^iS CrThU <Ufferential pertussis toxin sensitmty 
^ig. 1, A and 5" /^^^^ njediate these .two thrombin 
i?fl^''S.S^rie^^^^ G-protein'which couples 
- ™ STosDholipase C and lacks a pertussis 
m"^' t a7?^mKduced phosphoinositide hydro y- 
^g^insite (17^ inrom"!" G-orotein. Gi mediates 

BtSt^rdistinct effectors, probably Gr "'•^.^'.-f ^ J P~ 

^nistpepudeorth^^ To 
K»N to activate these two s^^" ^ ^ to perform 

ftteUnguish between th^^^^ J 

■fer'f '°^X^ t?elne^thrombin receptor cDNA 

^Kenferred robust thrombin sensitive pn p ^^^^^^ 
^Knli When we attempted to utilize ines.e teuo 

^KragZ onsUtent with the existence of a second ty^ 

^^^•^i^iSiulatedphosphoinosJidel^^^^^^^ 
^^^ly. these cells again had an endogenous cyctasere^ 
^H888&<»^a small and Variable decrease in cAM^ '^^^f ."^ 
^^^toSmbin. Theie cells were thvis also '^BU^^^ 
^^^^^ti^stiidies to address whether the cloned throm- 
^^^Sg^S^pletobothphosphoinositidehydrolysis 

^^Svi^t^erkofasuitablenuH^^^^^^ 
^^^Kfiiiil -enterokinase'' receptor constructed by reptocmg 
^^^^^in receptor's thrombin cleavage ^eco^J*^ 
^^^'LDPR wil^ the enterokinase <^^''^'^^.^'^Z 
^HiSSenai DDDDK (11). This maneuver resulted in a receptor 

Se hJ^y specific ProteasejnteroluBf 
^^S>;th^mbin (llfMost ceU lines tested^*-^!"^!^*-; 
^^^^^have been null for enterokinase responses ^okov". 
^^^e?f tTe enterokinase receptor by '^l^^^.^^J, 
^■giu troe thrombin receptor by thrombm resulte m acti- 
^fciwSjJr^leculeswithidenticd^^^^^^ 

livation signaUng should also be identical. 
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and inhibition "'^''^y'^' '^^'^''^^i'ecred with an enterokl- 
the cloned thrombin receptor enginecrja wu ^^„^^^yy 

nase cleavage activation ^^na^ receptor {circles) 

iransfected with cDNA encoding f ^^^^^ with myo- 

or the native thrombin J««P';°/^3„^^ for 6 h nt 

I'Hlinositol (see "Exper.men^ P^^^^^^^^^ ^j^^,^^, ,f iqO 

37 -C in the ohsence <'Sw'd by treatment with 20 mM LiCl and 
ng/ml pertuB8.s tox.n. f^"^**^..^^ for 30 min at 37*0. 
cnUrokinaBC at \hc conccntrauons md^naa qua„titated as de- 
Total I'Hlinositol phoBPha«*« S^^X^g-V quieted Rat 1 cells 
scribed under "E«pe"mental Pr^e^^^^^^^^ ^^^^^ 
Btably transfecud with cDNA j,, 
\circL) or the native "-^^K^^^ 6 h at 

I'Hladenine (see ^'^^^^^^^ circles) of 100 

37 -C in the absence (^'.^^^''T^V "^^^^ I mM IBMX. 5 
ng/ml pertussis town, followed l^y treatroe^^^^^ indicated for 30 

fo4kolin. and enterokinase at the ^n^^^J^^'^^^^^^^ by 
min at 37 'C. IntraceUular cAMP accu^^^^ 
determining the ratios of '!«*'°l'Sf^S*^SiJe^ F« aU asiays. each 
as described under "E«P«"?JSSc^[?rt^^^n^^^^^ with standard 

rroTtrmfan^txrarJur^^^^^^ 

independent expenmento. , - 

Transfected Rat 1 cells expre88lng..tlie ehterbkin^se-ac^^ 

the thrombin receptor couples to a iiKe u piv 
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cannot, of course, be excluded. „terokinase thrombin 

expressing wild type '^'^^Z'!''^'^^^^^^^^ 
no inhibition of adenylyl ^y^l^/^^^J^HSe ^bn^ thrombin 

(Fig. 2B). 'I^«^,!^,**.'^!Sn^f a^^^^^^^^ ^ ^ 

receptor can mediate inlubition of adeny^^^^^ ^ 

stimulation of phosphomosi ude ^y^f^^Xase-induced 
phosphoinositide hyd^^^^^^ J^ 'rS expressing the 
inhibition of »Je"y^yl cy^^° completely pertussis 
enterokinase thrombm ^«P^ ^^ussis sensitiv- 

toxin-sensitive (Fig. 2B). l^is receptor couples to 

c,p.bl. of couplins to more *M G p^Mrn^ l^^^^, 
capable of coupling «boU. G, »d ^. Tto^^__ ^^^^^^ 

Of adenylyl cyclase via and G. 'f^'^^^^^'Z^Q ..Hg (20, 



J- *• «ffortnr<i likelv coupling to both a Gq- 
at least two distinct ^ffr^j^^^' These data also dem- 
like G-protein and a Grhke ^ P^^' designed "artificial" 
onstrate the feasiM.ty -'.^^^\^!^,,i,,X,c}. oi a 

receptor with '^^^.^'^''f^^r cellular signaling 
nuU ceU line to study second messenger 

pathways. 
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Cloning, expression and characterization of YSA1H, a human adenosine 
5 -diphosphosugar pyrophosphatase possessing a MutT motif 

Lakhdar GASMl, Jared L CARTWRIGHT and Alexander G. MCLENNAN^ 

School oi Biological Sciences. Life Sciences Building. University of Liverpool. P.O. Box 147. Liverpool L69 7ZB, U.K. 



The human homologue of the Saccharomyces cerevisiae YSAl 
protein, YSAIH, has been expressed as a thioredoxin fusion 
protein in Escherichia coll. It is an ADP-sugar pyrophosphatase 
with similar activities towards ADP-ribose and ADP-mannose. 
Its activities with ADP-glucose and diadenosine diphosphate 
were 56% and 20% of that with ADP-ribose respectively, 
whereas its activity towards other nucleoside 5'-diphosphosugars 
was typicallv 2-10%. cADP-ribose was not a substrate. The 
products of' ADP-ribose hydrolysis were AMP and ribose 5- 
phosphate. and k,,, values with ADP-ribose were 60 pM and 
5 5 S-' respectively. The optimal activity was at alkahne pH 
(7.4-9.0) with 2.5-5 mM Mg^^ or 100-250 /tM Mn^^ ions; 
fluoride was inhibitory, with an IC^o of 20 (iM. The YSAIH 
gene, which maps to 10pi3-pl4, is widely expressed in all human 
tissues examined, giving a 1 .4 kb transcript. The 41 .6 kDa fusion 
protein behaved as an 85 kDa dimer on gel filtration. After 



cleavage with enterokinase, the 24.4 kDa native protein fragment 
ran on SDS/PAGE with an apparent molecular mass of 33 kDa. 
Immunoblot analysis with a polyclonal antibody raised against 
the recombinant YSAIH revealed the presence of a protein of 
apparent molecular mass 33 kDa in various human cells, in- 
cluding erythrocytes. The sequence of YSAIH contains a MutT 
sequence signature motif. A major proposed function of the 
MutT motif proteins is to ehminate toxic nucleotide metabolites 
from the cell. Hence the function of YSAIH might be to remove 
free ADP-ribose arising from NAD^ and protein-bound poly- 
and mono-(ADP-ribose) turnover to prevent the occurrence of 
non-enzymic protein glycation. 

Key words: ADP-ribose, nucleotide sugar, nudix hydrolase, 
protein glycation. 



INTRODUCTION 

The MutT sequence motif proteins are a recently described 
family of mostly small, soluble nucleotide pyrophosphatases 
named after the 16 kDa Escherichia coli mutT gent product, a 
hydrolase with a strong preference for the mutagenic nucleotide 
8-oxo-dGTP [1]. They all possess the sequence signature motif 
GX5EX5[UA]XRE[UT]XEEXGU (single-letter codes, where U 
is a hydrophobic amino acid, and the square brackets indicate 
that the position could be occupied by any of the amino acids 
within the brackets) [2]. The E. coli genome sequence reveals 11 
further proteins with perfect or closely related MutT motifs, 
several of which have now been cloned and characterized [3]. The 
substrate specificities of these other proteins varies from quite 
specific to relatively broad; known substrates include dATP, 
NADH, nucleoside 5'-diphosphosugars (NDP-sugars) and 
dinucleoside polyphosphates. Because all these substrates have 
the general structure of a nucleoside diphosphate linked to 
another moiety, X, the name ' nudix ' hydrolase has been proposed 
for this family. The function of members of this protein family 
might be to cleanse the cell of potentially deleterious endogenous 
nucleotide metabolites and to modulate the accumulation of 
metabolic intermediates by diverting them into alternative 
pathways in response to biochemical need [3]. 

MutT motif proteins are also found in eukaryotes, including 
humans [4]. Known human proteins include the MutT orthologue 
MTHl [5], diadenosine 5',5'"-F\P*-tetraphosphatase (Ap,A hy- 



drolase) [6] and diphosphoinositol polyphosphate phospho- 
hydrolase (DIPP) [7]. DIPP is homologous with the recently 
described Ap^ A hydrolases from budding and fission yeasts and, 
Uke them, is remarkable in its ability to hydrolyse the non- 
nucleotide diphosphoinositol polyphosphates in addition to the 
structurally unrelated diadenosine polyphosphates [8]. A survey 
of the GenBank expressed sequence tag (EST) database suggests 
the existence of at least six further human MutT motif proteins, 
including a protein encoded in an anti-sense transcript of the 
basic fibroblast growth factor gene [9], a protein closely related 
to DIPP (DIPP2) [7], and a homologue of the Saccharomyces 
cerevisiae YSAl protein. YSAl has been reported to have ADP- 
ribose pyrophosphatase activity (EC 3.6.1.13), although no 
details of this activity have been published [3,10]. 

ADP-ribose is the most significant ADP-sugar in mammalian 
cells. It is generated by the turnover of NAD+ and protein-bound 
poly- and mono-(ADP-ribose) and, if allowed to accumulate, 
could be hazardous to the cell by virtue of its ability to modify 
protein histidine, lysine and cysteine residues by non-enzymic 
glycation [1 1-13] and to bind to ATP-activated K+ channels [14]. 
The elimination of free ADP-ribose therefore seems to fall within 
. the category of ' housecleaning ' functions proposed for the MutT 
motif family. An ADP-ribose pyrophosphatase has recently been 
isolated from human erythrocytes [12,15], whereas three cyto- 
plasmic and one mitochondrial ADP-ribose pyrophosphatases in 
rat liver have been described [16]. A possibly distinct ADP-sugar 
pyrophosphatase (EC 3.6.1.21) has also been isolated from 



AF1 55832. 



© 1999 Biochemical Society 



332 



L Gasmi, J. L Cartwright and A. G. McLennan 



mammalian liver [17]. However, the amino acid sequences of 
none of these enzymes have been determined. Here we report the 
cloning, expression and characterization of YSAIH, the human 
homologue of the yeast YSAl protein, and show that it is an 
ADP-sugar pyrophosphatase with its highest activity towards 
ADP-ribose, ADP-mannose and ADP-glucose. 

Since this paper was submitted the Human Genome No- 
menclature Committee (HGNC) has approved gene symbols 
for the human MutT motif proteins. Accordingly theYSAlH 
gene is designated NUDT5. Full details can be found on 
http://www.gene.ucl.ac.uk/users/hester/npym.html or by con- 
tacting the committee (e-mail nome@galton.ucLac.uk.). 

EXPERIMENTAL 



Materials 

Mononucleotides, dinucleoside polyphosphates, NDP-sugars 
and nucleoside 5'-diphosphoalcohols were from Sigma. [''P]UTP 
(800Ci/mmol) was from ICN; NAD% NADH, NADP^, 
NADPH, calf intestinal alkaUne phosphatase, yeast morgamc 
pyrophosphatase, EcoKl and Ncol were from Boehnnger 
Mannheim; pET 32b(-h) was from Novagen; Pfu DNA poly- 
merase was from Stratagene;. 1. M. A. G.E. clone 310860 was 
obtained from the UK Human Genome Mappmg Project Re- 
source Centre. 

Cloning of YSA1H cDNA 

I.M.A.G.E. clone 310860 contains an insert corresponding to a 
YSAIH cDNA in the polylinker-modified plasmid pT7T3D. The 
sequence of the insert was confirmed (see Figure 1) and the msert 
was then amplified by PGR. The 29-mer oHgonucleotide forward 
and reverse primers 5'-d(TCGTTTGACCATGGAGAGCC 
AAGAACCAA)-3' and 5'-d(TAAGTTGAATTCAAAGTCTT- 
AGTGAAGAA)-3' were synthesized to provide an Ncol re- 
striction site at the start of the amplified insert and an EcoRl site 
at the end. After ampUfication with Pfu DNA polymerase, the 
DNA was recovered by extraction with phenol/chloroform/ 3- 
methylbutan-l-ol (25 : 24 : 1 , by vol.) and then digested with ATcol 
and EcoRl, The digest was gel-purified and the restriction 
fragment was ligated between the TVcoI and EcoKl sites of the 
pET32b(+) thioredoxin (Trx) fusion vector (Novagen). The 
resulting construct, pET-YSAlH, generated a fusion of YSAIH 
downstream of the cleavable 109-residue Trx fusion protein and 
His-tag and S-tag sequences. This plasmid was used to transform 
£. coli XLl-Blue cells for propagation. 

Protein expression and purification 

E coli strain BL21(DE3) was transformed with pET-YSAlH. A 
single colony was picked from a Luria-Bertani (LB) agar plate 
containing 60/ig/ml ampicillin and inoculated into 10 ml LB 
medium containing 60 fig/m\ ampicillin. After overnight growth 
at 37 ^G, the cells were transferred to 1 litre of LB medium 
containing 60 /ig/m\ ampiciUin and grown at 30 °C to a D^^^ of 
0 8 Isopropyl y9-D-thiogalactoside (IPTG) was added to 1 mM 
and the cells were incubated for 4 h. The induced cells were 
harvested, washed and resuspended in 50 ml of breakage buffer 
[50 mM Tris/HCl (pH8.0)/0.1 M NaCl]. The cell suspension 
was sonicated and the resulting lysate was cleared by centri- 
fugation at 15000^ and 4 °C for lOmin. The supernatant was 
recovered and applied to a 15 mm x 50 mm column of Ni / 
nitrilotriacetate (NTA)-agarose (Sigma) equilibrated with 20 mM 
Tris/acetate (pH 7.0)/0.3 M NaGl/lOmM 2-mercaptoethanol 
at a flow rate of 0.5 ml/min. After elution of the unbound 



proteins, a linear gradient of 0-50 mM histidine in equilibration 
buffer was applied at a flow rate of 1 ml/min; fractions of 1 ml 
were collected and analysed by SDS/PAGE. Those containing 
pure Trx-YSAIH fusion protein were collected and concentrated 
by ultrafiltration. 

Enzyme assays and product Identification 

Substrates were screened by measuring the P, released in a 
coupled assay by co-incubation of substrate with YSAIH protein 
and either alkaline phosphatase or inorganic pyrophosphatase 
[16 18] The standard assay (200 /tl) for phosphodiester substrates 
was incubation for 10 min at 37 °C with 50 mM Tris/HCl (pH 
7.5)/5mM MgCl^/lmM dithiothreitol/0.3 mM substrate/ 
0.25 /ig of Trx-YSAIH fusion protein and 0.5 /ig (1 unit) of 
alkaline phosphatase. Phosphomonoester substrates were as- 
sayed as above, except that 0.5 /ig (lOOm-units) of inorganic 
pyrophosphatase was used instead of alkaline phosphatase. The 
P, released in each case was measured colorimetrically. P^ released 
from NADP'' and NADPH in control assays without YSAIH 
was subtracted. Kinetic parameters for ADP-ribose hydrolysis 
were determined by measuring the P^ released in. the alkahne- 
phosphatase-coupled assay as described. Non-specific alkaline 
phosphodiesterase (nucleotide pyrophosphatase) activity was 
assayed with thymidine 5'-monophospho-/)-nitrophenyl ester as 
substrate [19]. 

Reaction products generated from the different substrates 
were identified by high-performance anion-exchange chromato- 
graphy. Reaction mixtures containing 50 mM Tris/HCl, pH 7.5, 
5 mM MgClg, 1 mM dithiothreitol, 0.3 mM substrate and 3 /ig 
of Trx-YSAIH fusion protein were incubated at 37 °C for 
30 min in a volume of 200 fil Samples (100 /tl) of the reaction 
mix were applied to a 1 ml Resource-Q column (Pharmacia) 
equilibrated with 45 mM ammonium acetate (pH adjusted to 4.6 
with H3PO4) and eluted with a linear gradient from 0 % to 100 % 
(v/v) 0^5 M NaH^PO* (adjusted to pH 2.7 with acetic acid) for 
10 min at a flow rate of 1 ml/min [15]. Elution was monitored at 
260 nm and peaks were identified with the aid of standards. 

Northern and dot-blot analyses 

A ^^p.iabelled anti-sense RNA to the YSAIH cDNA was 
generated from I.M.A.G.E. clone 310860 by using an in vitro 
transcription kit (Ambion), [''F]VT? and T3 RNA polymerase 
in accordance with the manufacturer's instructions. A Multiple 
Choice® Northern blot (OriGene) containing poly(A)-^-selected 
RNA from various human tissues (2 /ig per lane) was probed 
overnight with the RNA probe (10« c.p.m./ml) at 64 X. The blot 
was washed twice for 15 min each with SSC (0.15M^NaCl/ 
0.015 M sodium citrate) containing 0.5% SDS at 64 °C. The 
bound 32p_labelled probe was detected with a Phosphorlmager 
(Bio-Rad). The blot was then stripped for re-use by using the 
Strip-EZ solutions provided with the transcription kit. A Human 
RNA Master Blot® dot-blot (Clontech) containing normalized 
loadings of poly(A)^ RNA from 50 different human tissues was 
processed as above, except that the ExpressHyb® hybridization 
buffer provided with the blot was used. 

Immunoblotting 

The Trx and His tags were cleaved from the fusion protein with 
thrombin and the resulting YSAIH protein with a residual N- 
terminal S-tag was used to raise a rabbit polyclonal antiserum by 
standard procedures. Cell lysates were separated by SDS/PAGE 
[13 7 (w/v) gel] The gels were then equilibrated immediately in 
transfer buffer [10 mM Caps/NaOH (pH ll.0)/10% (v/v) 
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methanol] for at least lOmin before electrophoretic transfer of 
the separated proteins to a nitrocellulose membrane at 150 mA 
and 4 °C for 2 h. The membrane was blocked overnight at 4 ""C 
with 3 % (w/v) fat-free powdered milk and 0.2 % (v/v) Tween 20 
in PBS and then probed with a 1 : 1000 dilution of whole anti- 
YSAIH antiserum followed by a 1 : 5000 dilution of horseradish 
peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad). After 
being washed, the membrane was developed with the peroxidase 
substrate diaminobenzidine tetrahydrochloride (Sigma). 

Other methods 

Protein concentrations were estimated by the Coomassie Blue 
binding method [20]. N-terminal sequencing and electrospray 
mass spectrometric analysis were performed as described pre- 
viously [6,18]. 



RESULTS 

Cloning, expression and purification of YSA1H 

A BLAST 2.0 search of the GenBank EST database with the 5. 
cerevisiae YSAl sequence yielded a large number of overlapping 
homologous human clones that, when assembled, revealed a 973- 
base sequence with a 657-base open reading frame (ORF) 
potentially encoding a 219-residue, 24.3 kDa protein, including 
the N-terminal methionine residue (Figure I). This ORF had 
63% amino acid sequence identity with the 26.1 kDa YSAl 
protein over a 69-residue region encompassing the MutT motif 
(see Figure 6). We have named this putative protein human 
YSAl homologue, or YSAIH. That the predicted sequence 
represents the full-length protein is indicated by the presence of 



CGC CCA TCC TTT TAG CAC CCC GGO AGO CGC 

SI 

QAC ACT GCT GCC TCC AGC TAG TTA TTT COT 



COO TOT TTC GAO CCG TGO ACC GGA TCO GCT 
91 

CCT CTT CCC TTC TTC ACC CCT ACA CCT TOO 



TCA ACT TCT CAC CTO AGG OCT GTA AAG ACT COT TTO AA*.4TG.|M AOC CAA GAA CCA 
A?g'0AA JCT TCT C AO AAT OCC AAA CAG TAT A«'a^ TCA OAG GAG TTA ATT TCA GAA GOA 

iii'JJo OTC AAG CTT GAA AAA ACA ACC TAC Aw'oiT JCT ACT OGT AAA ACT AOA ACT TOG 
KHVKLBKTTT ^Sl/J? ^ ^ " * * 
oii^TCA GTG jUUl CGT ACA ACC AGO AAA GAO CAO ACT GCG 

oJg^JJg CAO AOA ACA CTT CAC TAT GAO TOT AK^OTT CTO GTG AAA CAO TTC CGA CCA CCA 
V L Q R T L H T B C l^^^V^ L V K Q F R P F 

ilV'^ OOC TAC TGC ATA CAO TTC CCT OCA «T CTC ATA CA T CAT CCT GAA ACC CCA CA A 

MGGYCIBPP* I^^^ I* ^^ i B D S S 1 E 1 

J?i'oS GCT CTC COG OAG CTT OAA GAA GAA ACT OGC TAC AAA GOG GAC ATT «^ 

ft A a I. B I . B ff W ]^u^i ^ ° ' * " 

'^Vccl GCO CTC TGT ATG CAC CCA CGC TTO TCA AAC TCT ACT ATA C^ 
BPXVCttD^ 631/157 

AAC GGA GAT GAT GCC GAA AAC GCA AGO CCG AAG CCA AAG CCA CCG GAT GGA GAG 
T I » G D D A E » A R^^^P^^ K P K P O D O 
JJi^J™ GAA GTC ATT TCT TTA CCC AAG AAT GAC CTO CTG CAO AGA CTT CAT GCT CTO OTA 
» V B V I S L P R H lilA^l ^•0'^'^°*^' 
pi'oii GAA CAT CTC ACA GTG CAC GCC AGO GTC TAT TCC TAC ^ 

'(^Vm CCA AAG CCA TTT GAA OTO CCC TTC Ji^'Jil TTT TAA GCC CAA ATA TOA CAC TGO 



TAA TGT AOA 



TTT GCC ATT AGC TTT TTC OTA AAA TAA A AG CAC AGA ACA GAA AAA AAA J 



961 

AAA AAA AAA AAA A 



Figure 1 Nucleotide sequence of the YSAIH cDNA and predicted amino 
acid sequence of ttie YSA1H protein 

In-frame stop codons upstream and downstream of the YSA1H ORF are indicated with three 
asterisks. The presumed initiating ATG in its strong initiating context AAAATGG is underlined 
with dashes. The MutT motit is underlined; the invariant amino acids are shown in bold. The 
likely potyadenylation signal AAATAAAA is doubly underlined. 
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Figure 2 Overexpression and purification of Trx-YSA1H fusion protein 

(a) E. co//BL-21(DE3) ceils transformed with pET-YSA1 H were induced with 1 mlvl IPTG for 
up to 4 h. Aliquots were taken at hourly intervals, boiled in sample buffer, analysed by 
SDS/PAGE [13% (w/v) gel] and stained with Coomassie Blue, (b) YSAIH protein after 
purification on Ni^'^/NTA-agarose as described in the Experimental section. The protein 
standards were myosin {205 kDa). y5-galactosidase (116 kDa), phosphorylase (97 kDa). BSA 
(66 kDa), ovalbumin (45 kDa) and carbonic anhydrase (29 kOa). 



multiple stop codons both upstream and downstream of the 
ORF and by the highly favourable sequence context of the 
proposed initiator codon, AAAATCG (Figure 1) [21]. Human 
sequence-tagged sites corresponding to these ESTs have been 
mapped to chromosome 10pl3-pl4 between the markers 
D10S189 and D10S191 by the International Radiation Hybrid 
Mapping Consortium [22]. The UniGene entry number is 
Hs.11817. 

A YSAIH cDNA was amplified by PGR from I.M.A.G.E. 
clone 310860, which was predicted to contain the full-length 
cDNA. For expression, the PGR fragment was inserted into the 
pET32b(-l-) vector and the recombinant plasmid (pET-YSAlH) 
was then used to transform E. coli BL-21(DE3) cells to generate 
a His-tagged thioredoxin fusion protein of predicted mass 
41.6 kDa. After induction with IPTG, cell samples were analysed 
by SDS /PAGE, which showed that the soluble fraction contained 
a major IPTG-inducible protein band migrating with an apparent 
molecular mass of 47 kDa, which* was therefore presumed to be 
the desired product (Figure 2a). The expressed Trx-YSAIH 
fusion protein was then purified in a single step to apparent 
homogeneity on a Ni^VNTA-agarose column (Figure 2b). 

Substrate specificity 

All MutT motif proteins studied so far have nucleotide pyro- 
phosphatase activity that hydrolyses compounds containing an 
NDP-linked to another moiety. Therefore a range of nucleotides 
was assayed to determine the substrate specificity of Trx-YSA 1 H. 
In the presence of 5 mM Mg^-^ ions, Trx-YSAIH was most 
active against ADP-sugars and some compounds of general 
structure ADP-sugar-X, e.g. Ap^A and NADPH (Table 1). 
Lower activity was obtained with other NDP-sugars and 
CDP-alcohols, whereas no activity was obtained with 
(deoxy)nucleoside 5'-triphosphates, nucleoside 5'-diphosphates 
or nucleoside 5'-monophosphates or diadenosine polyphos- 
, phates, even when the enzyme concentration was increased 
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Substrate 

ADP-ribose 

ADP-mannose 

ADP-gtucose 

cADP-ribose 

ApjA 

NADPH 

NADH 

NAD"' 

Deamino-NAO'^ 

NADP-' 

IDP-ribose 

GDP-glucose 

GDP-mannose 

GDP-a-fucose 

UDP-glucose 

UDP-galactose 

UDP-W-acetylglucosamine 

GDP-glucose 

CDP-glycerol 

GDP-choiine 

CDP-ethanolamine 

CoA 

FAD 

Ap,A t/?=3-6) 
(d)NTP. '(d)NDP. (d)NMP 



Activity (% of value with ADP-ribose) 



Human ADP-ribose pyroptiosptiatase 



YSA1H 

100 
103 
56 

0 
20 
12 

7 

7 

7 

5 

9 

7 

5 

2 

2 

• 7 
<1 
3 
3 

<1 
<1 
3 
3 
0 
0 



Erythrocyte [15] 

100 
70 
21 
n.l 
n.t. 
0 
0 
0 
n.t. 
0 
59 
0 
40 
n.t. 
5 
0 
n.t. 

5 
n.t 
n.t. 
n.t. • 
n.t. 
n.t. 



Erythrocyte [12] 

100 
n.t. 
0 
■0 
n.t 
16 
21 
42 
n.t. 

2 
n.t. 
n.t. 
n.t. 
n.t. 
n.t. 
n.t. 
nX 
n.t. 
. n.t. 
n.t. 
n.t 
n.t 
n.t 
n.t 
n.t 



Rat liver ADP-ribase 
II [16] 

100 

n.t 
25 
n.t 
31 
n.t 
30 
<2 
n.t 
n.t. 
31 
n.t. 
<2 
n.t 
<2 
n.t 
n.t 
<2 
2 

<2 
<2 
n.t. 
32 
n.t. 
0 



Galf liver ADP-sugar 
hydrolase [17] 

100 
163 
170 
n.t. 
n.t 
n.t 
n.t. 

5 
n.t 
n.t 
n.t 
0 
n.t 
n.t 
0 
n.t 
n.t 
0 
n.t 
n.t 
n.t 
n.t 
5 
n.t. 
n.t 



20-fold No activity was observed with thymidine- 5'- 
mo^ophospho-p-nUroJ^^^^^ ester as substrate; there ore 
YSAIH is devoid of alkaline phosphodiesterase 1 ac^^vity (^^^^ 
3 14 1). Comparative data are also presented m Table 1 for the 
human erythrocyte ADP-ribose pyrophosphatase, rat l^ver ADP- 
ribTse II and calf liver ADP-sugar hydrolase. When assayed with 
fmM Mn- in place of Mg-, rat Uver ADP-nbase II shows 
lit Leased activity with UDP-sugars and CDP-sugars and 
cS alcohols [16]. YSAIH activity towards CDP-glycerol was 
Tncreased 4-foM Jhen Mn- replaced Mg- in comparison w.th 
t^e 50-fold increase observed with ADP-nbase whereas the 
activity of YSAIH towards ADP-sugars was decreased by 
S% with Mn-. The UV-absorbing n-leot^^^^^^^ 
products generated from NDP-sugars were identified by HPLC 
and in each case were the corresponding NMP (Figure 3). The 
other product was assumed to be the sugar 5-phosphate. 

Kinetic parameters and reaction requirements 

Kinetic parameters were determined with ADP-ribose as sub- 
Sate. I and V^^ values were 60 and /.mol/min per mg 
respectively. The latter figure corresponds to a k oi - 
xSrS^P-ribose as substrate, the enzyme displayed optima^ 
Tc ivity at alkaline pH (7.^9.0) with 2.5-5 mM Mg- or 10(>- 
250 /.M Mn- ions (results not shown). In common with other 
MutT motif proteins, fluoride was inhibitory, with an IC,o ol 
approx. 20 jjM. 



Tissue specHiclty of YSA1H mRNA expression 

Northernblotanddot-blotanalyseswereperformedto^ 
respectively the size and tissue distribution of YSAIH mRNA 
an Sipts' A transcript of approx. 1.4 kb was detected m al 
human iissues present on the Northern blot (Figure fa). A larger 
Sess prominent transcript of approx. 5 kb was also detected 
which might represent residual pre-mRNA as well as a sma ler 
T 1 kb species that was most prominent in placenta. Expression 
seemed stronger in lung, small intestine and stomach than in 
muscle, testis or placenta, but the blot was not nomalized fo 
differential rates of expression. A better 
expression was obtained by dot-blot analysis with a blot that had 
Teen normalized with respect to eight « ^.^^^^^^^^^^^^ 
genes. This showed that YSAl H was expressed in 50 d " 
luman tissues present on the blot (Figure 4b). Although the 
aZunt of mRNA does not necessarily reflect ^P^^f f 
protein level, such widespread expression is -ns«^^^^^^^ 
as a housecleaning enzyme reqmred in all ™- J^e^^^^^^^ 
mRNA expression was, however, higher in liver, kidney pitu- 
kaVy placenta and thymus than in other adult tissues and l^^^^^^ 
in bone marrow, lymph nodes and certam areas of the brain. 

Size and presence ol YSAIH protein in human celi extracts 

On gel-filtration analysis, the 41-6 kDa Trx-YSAIH fusion 
protein had a molecular mass of 85 kDa, suggestmg that it 
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Figure 3 Identification of AMP reaction product from hydrolysis of ADP- 
ribose 

Assays containing 0.3 mM ADP-ribose were incubated with or without 3 /^g ot Trx-YSA1H 
fusion protein for 30 min. then applied to a 1 ml Resource-Q a"*°"-f^^^^"9e co ur^n^ 
described in the Experimental section. The positions ot standards are indica ed. The mes are 
as follows: solid line, without enzyme; short broken line, with enzyme; long broken line, 
gradient. 



behaved as a dimer in solution (Figure 5). To show that the 
YSAIH protein was actually expressed in human cells, a rabbit 
polyclonal antibody was raised against recombinant YSAIH 
from which most of the vector fusion sequences had been 
removed by treatment with thrombin. Figure 6(a) shows an 
immunoblot analysis of the complete Trx-YSAl H fusion protein 
(lane 1) and after cleavage with thrombin, which yielded a 
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Figure 5 Gel-ffltraUon analysis ol purified recombinant Trx-YSA1 H fusion 
protein 

A sample ol homogeneous Trx-YSAl H lusion protein was applied to a HILoad 16/60 Superdex 
75 column In 50 mM Tris/HCI (pH 7.5)/0.1 M NaCI and eluted at 1 ml/mm f sa-ne buften 
The column was calibrated with the following standards; a, " • 
(86 kOal- c ovalbumin (45 kDa); d, myoglobin (17 KDa). The vo.d volume (10 and the elution 
position of Trx-YSAl H detected by its UV absorbance are Indicated by arrows. 



product of theoretical molecular mass 27.5 kDa (lane 2), and 
enterokinase, which produced a near-native protem with a single 
alanine residue N-terminal to the initiating methionme residue 
(lane 3) Although the predicted molecular mass of the recom- 
binant alanyl-YSAlH was 24.4 kDa, it ran on SDS/PAGE with 
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Figure 4 Expression of YSA1H mRNA in different human tissues 

tl, laor.; a bMdm c6. uHno: tT, piKilal.1 A ao«»; h. IMS. d2 ovaj, JlrSali^ ™- ii „M\r. 12, mm; 0. Iraeno; ". mute; gl. »M 

h6. human C^/l DNA; h7. human ON A; h8, human ON A. 
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Figure 6 Immunoblot analysis of YSA1H protein expresslon in human cells 

DAB-stained immunoblots were probed with anti-YSAIH as described in the Experimental 
section, (a) Une 1 . Trx-YSAI H fusion protein ; lane 2, Trx-YSAI H cleaved with thrombin ; lane 
3, Trx-YSA1H cleaved with enterokinase; lane 4. KB cell extract, (b) Une 1. U937 cell extract: 
lane 2, KB cell extract; lane 3, human erythrocyte extract. 



an apparent molecular mass of 33 kDa. The N-terminal sequence 
of the enterokinase-cleaved recombinant protein was confirmed 
as AMESQEPT (including the vector alanine residue) by Edman 
degradation; electrospray mass spectrometric analysis of the 
same material confirmed its molecular mass as 24.4 kDa (results 
not shown). It therefore seems that recombinant YS A 1 H migrates 
anomalously on SDS/PAGE. This phenomenon of slower mi- 
gration has been observed with other MutT motif proteins, 
including human Ap^A hydrolase [6] and 5. cerevisiae Ap^A 
hydrolase [18] and might result from incomplete denaturation 
and SDS binding during sample preparation owing to the stability 
imparted by the mixed y^-sheet core structure that might be a 
feature of this enzyme family [23]. 



The same species of apparent molecular mass 33 kDa was 
observed after examination of whole cell lysates prepared from 
human KB nasopharyngeal carcinoma cells (Figure 6a, lane 4, 
and Figure 6b, lane 2), human U937 promonocytic cells (Figure 
6b, lane 1) and human erythrocytes (Figure 6b, lane 3). In 
addition, two extra bands of approx. 66 and 64 kDa were 
observed in the cell extracts. These might have been dimers 
resulting from incomplete sample denaturation; alternatively, 
they might have been unrelated proteins. We have previously 
identified two abundant proteins that cross-react strongly with 
an affinity-purified polyclonal antibody raised against another 
recombinant MutT motif protein, human Ap^A hydrolase, as 
hsp60 (63 kDa) and glutamate dehydrogenase (61 kDa) (J. Kyte, 
J. L. Cartwright and A. G. McLennan, unpublished work). The 
purified human erythrocyte ADP-ribose pyrophosphatase has 
been reported to be a dimer of 34 kDa subunits [15]. If YSAIH 
is the same enzyme, our results would suggest that it is in fact a 
dimer of 24,3 kDa subunits. 

Sequence comparisons 

Compilation of mouse EST data revealed a 218-residue 24 kDa 
mouse homologue, mVSAlH, with overall 83% amino acid 
identity and 95% similarity to the human sequence. In addition 
to the S, cerevisiae YSAl gene, closely related sequences are also 
present in rat and Caenorhabditis elegans (Figure 7). Significant 
matches to sequences from the prokaryotes Treponema pallidum. 
Bacillus subtilis (YQKG), Synechocystis sp. and to the E, coli 
YRFE gene {orfl86) were also obtained (Figure 7). The 5. 
subtilis YQKG gene has been reported to encode an ADP-ribose 
pyrophosphatase [10]; the £. coli orf\%6 gene product has a 
broad substrate specificity including ADP-ribose, NADH and 
AP3A [10]. The highly specific ADP-ribose pyrophosphatase 
from the archaeon Methanococcus jannaschii [13] and the E. coll 
or/209-gene product (YQIE, rdsA), which has also been reported 
to be an ADP-ribose pyrophosphatase [10], show only limited 
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Figure 7 Multiple sequence alignment of YSAIH and related sequences 

(P45799), Methanoccccusjannaschu AOP-nbose ^^f"'"^^/;^^^^^^ acids of the Mu T motif are shown by The numbers to the right and left 

Amino acid identities with the h.man sequence are s^ded "^^cf Imbe^r^^ r h :h d Im are the f vaiues for these sequences from a BUST 2,0 search of the GenBank 
SrSr^trr^^^^^^^^ ^ViuVflSfi^nce .hreshCd represenUng the num.r of hits exacted by chan. when searchi. the 

database with ttie query sequence. 
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similarity to YSAIH overall but do show similarities in the 
region surrounding the MutT motif, in addition to the invariant 
amino acid residues of the motif itself, which might be involved 
in determining substrate specificity. 

DISCUSSION 

One mitochondrial and three cytosolic ADP-ribose pyro- 
phosphatases have previously been partly purified from rat hver. 
The cytosolic ADP-ribase I and the mitochondrial enzyme are 
very similar in terms of low (micromolar) for ADP-ribose 
and a stringent substrate specificity limited to ADP-ribose and 
IDP-ribose [16,24]. A similar activity has also been reported m 
embryonic cysts of the brine shrimp Anemia franciscana [25]. 
The cytosolic Mn^^-dependent ADP-ribase has no activity at all 
with Mg2^ ions [16]. Therefore YSAIH does not seem to 
correspond to any of these enzymes. Its marked preference for 
ADP-sugar substrates indicates a closer similarity to the ADP- 
sugar pyrophosphatase activity detected in various mammalian 
liver extracts, including calf and rabbit, although the range of 
substrates analysed with this enzyme is rather limited [17]. There 
are also similarities to rat liver ADP-ribase II and the human 
erythrocyte ADP-ribose pyrophosphatase. These enzymes have a 
relatively high for ADP-ribose (50-100 /.M for rat, 170 /.M 
for human erythrocyte and 60 fM for YSAIH) [15,16], whereas 
the native molecular mass of 47 kDa reported for rat ADP-ribase 
II [16] corresponds well to a dimer of 24.3 kDa subunits, the 
known subunit molecular mass of YSAIH. Apparent diff-erences 
in substrate specificity include : (1) the high activity of the human 
erythrocyte enzyme with IDP-ribose and GDP-mannose [15]; (2) 
the lack of activity of the human erythrocyte enzyme with ADP- 
glucose [12] and (3) the high activity of the other enzymes with 
nicotinamide adenine dinucleotides. In the last case, sigmficant 
contamination of commercial nucleotides with ADP-nbose was 
a likely cause of variation in results [16]. Because sigmficant 
differences are apparent in the reported data for the same enzyme 
for human erythrocytes [12,15] and because rat ADP-nbase II 
exhibits a much broader specificity for NDP-sugars and nucleo- 
side 5'-diphosphoalcohols in the presence of Mn^^ ions [16], 
diff"erences in assay procedures and conditions might have a large 
role in the observed differences. Taken together, these results 
suggest that YSAIH, the human erythrocyte ADP-ribose pyro- 
phosphatase, rat liver ADP-ribase II and mammalian hver ADP- 
sugar pyrophosphatase might be the same enzyme. However, this 
conclusion requires confirmation. 

Fluoride is a potent inhibitor of several nudix hydrolases 
involved in diadenosine polyphosphate metabolism [7,18,26]. 
Because it also inhibits YSAIH with an IC^^ of 20 /aM, such 
inhibition might be a more general feature of this protein family. 
Because the specific rat liver and Artemia ADP-ribase I enzymes 
are similarly inhibited by fluoride [25], it is possible that they too 
are nudix hydrolases related to the specific M.jannaschii enzyme. 
The very stringent substrate specificity of these la^t . three enzymes 
suggests that activities of this type might fonn4he first hne of 
defence against protein glycation by free ADP-ribose. However, 
ADP-sugars other than ADP-ribose are not sigmficant 
metabolites in mammalian cells. ADP-glucose is an important 
precursor for bacterial glycogen and plant starch synthesis [27], 
whereas ADP-mannose has no known physiological function, 
although the commercially available synthetic compound can 
replace ADP-heptoses in bacterial outer-membrane hpopoly- 
saccharide synthesis in vitro [28]. ADP-ribose might therefore 
also be the most important substrate for human YSAIH in vivo. 

Received 8 July 1999/20 August 1999; accepted 15 September 1999- 



Of the other potential substrates, Ap^A is the most recent of the 
diadenosine polyphosphates to be identified in vivo. It is present 
in specific granules in human myocardium and can attain an 
intragranular concentration of 9 mM [29]. When released extra- 
cellulariy, it acts as a coronary vasodilator. Within the granules, 
however,'it might not be accessible to YSAIH and so might not 
be a significant substrate in vivo. 

In conclusion, this study describes the biochemical properties 
of a new human member, YSAIH, of the MutT motif family of 
nucleotide pyrophosphatases and suggests a possible function. 
However, unequivocal confirmation of this function must await 
the results of genetic knock-out studies in yeast, C. elegans and 
mouse. 

We thank M. C. Wilkinson for N-terminal sequencing and M. C. Prescott mass 
spectrometric analysis. This work was supported by project grant 053038 from tne 
Wellcome Trust and grant no. F25BJ from the Leverhulme Trust 
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^cityXfor .t^^ .specificity) 
Ibis report we have investigated the substrate 
fjotf a recently identified mast cell protease, rat 
[Tpr6tease-4 {rMCP-4). Based on structural ho- 
rMCP-4 is predicted to belong to the chymase 
ittipugh rMCP-4 has previously not been char- 
j;ja't the protein level. rMCP-4 was expressed 
^•tenninal His tag followed by an enterokinase 
itituting for the native activation peptide. The 
lase-cleaved fusion protein was labeled by di- 
pyi fluorophosphatet demonstrating that it is an 
ferine protease. Moreover, rMCP-4 hydrolyzed 
^Suc-Arg-Ala-Tyr-pNA, thus verifying that this pro- 
^belongs to the chymase family. rMCP-4 bound to 
si, and the enzymatic activity toward MeO-Suc- 
ft-Tyr-pNA was strongly enhanced in the presence 
^yHh. Detailed analysis of the substrate specificity 
irformed using peptide phage display technique. 
^ rounds of amplification a consensus sequence, 
'§S-Trp-Phe-Arg-Gly, was obtained. The corre- 
peptide was synthesized, and rMCP-4 was 
\^po cleave only the Phe-Arg bond in this peptide. 
Ignonstrates that rMCP-4 displays a striking pref- 
for bulky/aromatic amino acid residues in both 
[id P2 positions. 



g^Us are potent inflaromatory cells with well known 
Leffects, e.g. during allergic reactions. However, their 
jfibeneficial function in vivo is most likely their involve- 
tie expulsion of nematode parasites and in the defense 
bacterial infections (1-3). Two main types of mast cells 
identified in rodents, the connective tissue mast 
iich mainly reside in connective tissue and the perito- 
ad the mucosal mast cells (MMC),^ which reside 
J the mucosa of the respiratory and intestinal tracts. 
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mediators 'irifelu^^ 
QRikine8^an^ n^^ 

larly nch source of serme proteases Jae^^^ to the tryptase 
family, the chymase family, 7 and the :rrecently.; identified 
mMCP-8 family; Proteases belonging to .the .mMCP-8 family 
have as yet unknown substrate sp^krificity. The tryptase family 
of proteases cleaves their substrate at the C-terminal side of 
basic amino acids (Arg and Lys), whereas the chymase family 
has chymotrypsin-like substrate specificity, i.e. they cleave 
peptides ailer aromatic amino acids (Phe, Tyr, and Trp). Based 
on phylogenetic relationships, the chymase family can be fur- 
ther subdivided into two groups, the a- and the )3-chymases (5). 
In nonrodent mammals only a single a-chymase can be found, 
whereas in rodents several )3-chymase8 are expressed in addi- 
tion to the a-chymase. At least IS mammalian a- and /3-chy- 
mases have been identified and cloned (6). However, only a few 
of them have been characterized in detail with regard to struc- 
ture and cleavage specificity. 

Five of the ten rat mast cell proteases (rMCP-1, rMCP-2, 
rMCP-3, rMCP-4, and rMCP-5) are considered to display chy- 
mase activity (7). rMCP-5 (initially designated as rMCP-3) is the 
rat a-chymase and the homologue to the single human chymase 
found so far. The rat mast cell )3-chymases rMCP-1 and rMCP-2, 
expressed by connective tissue mast cells and MMC, respectively, 
have been extensively investigated with regard to tissue distri- 
bution, charge, heparin binding, substrate specificity, inhibitor 
siasceptibility, and structure (7-10). Recent data suggest that 
MMC mediators, in particular rMCP-2, directly induce physio- 
logical changes in the gastrointestinal tract, such as an increase 
in epithelial permeability (11). This results in incre£ised leuko- 
cyte migration and microbial product influx that potentiaDy en- 
hances the inflammatory response. 

rMCP-3 and rMCP-4 (GenBank™ ^ccession numbers 
U67888 and U67907, respectively) were initially cloned fi-om 
the rat mucosal mast cell line RBL-l (7) and group phyloge- 
netically with the ^-chymases. Both rMCP-3 and rMCP-4 have 
been suggested to be MMC proteases, with detectable mRNA 
levels primarily found during parasitic infections (12). How- 
ever, neither rMCP-3 nor rMCP-4 has been characterized at 
the protein level. Chymases utilize extended substrate-binding 
sites to discriminate between substrates. Additional imder- 
standing of the biological role of a protease may be obtained by 
a detailed analysis of its substrate specificity. In the present 



tease; rMCP. rat mast cell protease; PBS, phosphate-bufiFered saline; 
Ni-NTA, nickel-nitrilotriacetic acid; HPLC, high pressure liquid 
chromatography. 



I available on line at http://www.ibc.org 
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study, rMCP-4 has been characterized with regard to activity, 
heparin binding, and extended substrate specificity. 

EXPERIMENTAL PROCEDURES 
Subcloning, Expression, and Purification of Recombinant rMCP~4— 
The rMCP-4 expression construct was obtained by PCR amplification 
using full-length cDNA (7) as template. For purification purposes the 
5'-primer contained a sequence encoding six histidine residues. The 
5'-primer also introduced an enterokinase susceptible peptide (Asp- 
Asp- Asp-Asp-Lys) in replacement of the natural activation peptide. The 
enterokinase cleavage site enables subsequent removal of the histidine 
residues and thereby enables activation of the protease. The PCR prod- 
uct was inserted into the pCEP-Pu2 vector (13), and the nucleotide 
sequence of the final product was confirmed using the Thermo Seque- 
nase-radiolabeled terminator cycle sequencing kit (Amersham Bio- 
sciences) and vector specific primers. Human embryonic kidney cells, 
293-EBNA, were transfected with the pCEP-I^l2/rMCP-4 construct as 
previously described (13). Selection was initiated by the addition of 5 
tig/m\ puromycin to the cell culture medium (Dulbecco*s modified Ea- 
gle's medium supplied with 10% fetal calf serum, 2 mM L-glutamine, and 
50 Mg/ml gentamicin). After 1 week of selection, the level of puromycin 
was decreased to 0.5 ^ig/ml. The conditioned medium was collected and 
centrifiiged to remove cell debris, followed by the addition of 0.5 ml of 
Ni-NTA-agarose beads/liter (Qiagen). After 6 h of incubation at 4 *'C on 
a shaker, the beads were pelleted by centrifiigation and transferred to 
10-ml PolyPrep Chromatography columns (Bio-Rad). The beads were 
washed with PBS (pH 7.2) containing 1 M NaCl and 0.1% Tween 20, and 
the column was eluted with 100 raM imidazole in PBS. 

Protein purity and concentration was estimated on SDS-PAGE. The 
samples were mixed with sample buffer and 5% ^-mercaptoethanol and 
run on a 12% gel. To visualize protein bands, the gel was stained with 
Coomassie Brilliant Blue. 

Activation and Active Site Titration of Recombinant 
rMCP-4 was digested for 5h with EKMax*^^ (Invitrogen) enterokinase, 
one unit^lO fxg of recombinant protease. A 10-ml PolyPrep Chromatog- 
raphy column containing 0.2 ml of heparin-Sepharose (Amersham Bio- 
sciences) was equilibrated with PBS (pH 7.2). 10 ^ig of EK-cleaved 
rMCP-4 in 125 ^il of PBS (pH 7.2) was applied to the column, followed 
by washing with PBS (0.15 M NaCl) and stepwise elution with increas- 
ing NaCl concentrations from 0.25 to 1.15 M, The (low-through and 
eluted fractions were assayed by the chromogenic substrate S-2586 and 
run on SDS-PAGE to estimate the protein content. 

Initial experiments showed that rMCP-4 bound to heparin-Sepha- 
rose. To purify rMCP-4 firom enterokinase and other impurities, EK- 
digested rMCP-4 samples were therefore purified by affinity chroma- 
tography on heparin-Sepharose (see above). Following affinity 
chromatography, the protein concentration was determined by meas- 
uring Aaso with a calculated extinction coefficient of 20690 M'* cm'*. 
Enzymatic activity was measured, toward the chromogenic substrate 
S-2586 (MeO-Suc-Arg-Ala-Tyr-pNA) (Cbromogenix, Mfilndal, Sweden). 




degenerate oligonucleotides vrith the nucleotide sequence i 
ACTCCAGGCGGCWNIOs-CATCACCATCACCATCACT;^ 
sents any nucleotide, and K represents T or 0) encoc' 
nonamer followed by a histidine tag. The oligonucleotides \ 
into the coding region of the T7 phage capsid protein in the J 
vector arms (T7Select system manual; Novagen) by the method 
to Cwirla et oL (14). The vector constructs were packaged ' 
particles in vitro. The total number of T7 clones after packaging^ 
10" plaque forming units. The phage librarj* was amplified to a " 
10*° plaque forming imits/ml in the BLT 5615 bacterial ! 
cation is necessary for the expression of His-tagged inserts" 
display on the surface of the phage particles. The His-t 
protein is only produced in very low numbers (0.1-l^hage) \ 
upstream partial deletion of the capsid protein promoter i 
T7Select 1-1 vector. Hence, a His-tagged capsid protein is j 
least 10% of the assembled phage particles. The native capsid 
expressed by the host bacterial strain, BLT 5615, upon isop 
0-l>galactopyranoside induction. 

An aliquot of the amplified phages (--10® plaque forming ; 
allowed to bind to 100 til of Ni-NTA-agarose beads for 2 h while 
gently. Unbound phages were removed by washing 10 times'^ 
of 1 M NaCl, 0.1% Tween 20 in PBS, pH 7.2, further washed 
ml of PBS, finally resuspended in 100 ^\ of PBS. A control elu[_ 
phages with 100 /il of 500 m^^ imidazole concluded that at 1 
phages were attached to the matrix after washing. rMCP^*^ 
vated as previously described in the absence of heparin and* ^ 
jected to heparin-Sepharose purification. Following elution r 
containing 0.5 M NaCl, heparin was added to a 1:5 maSA^ 
protease to heparin. The selection was started by adding^O. 
protease (200 nM) or buffer without protease as a control to 
with the resuspended beads. The protease was allowed to <" 
ceptible phages at 37 ^C overnight with gentle agitation. ' 
released phages, the Ni-NTA-agarose beads were pelleted by*] 
gation, and the phages in the supernatant were removed " 
volume of 3 X 100 ^1 of PBS (pH 7.2). To ensure that all ; 
phages lacked the histidine tag, 15 ^1 of firesh Ni-NTA-i 
were added to the phage suspension, and the mixture was i 
15 min followed by centrifugation to recover the supernatant 1^ 
the supernatant was used to determine the amount of detached 
in each round of selection. The remaining 290 /il of the supcrnatg 
added to a 10-ml culture (OD = -0.6) of Escherichia co/j JBI 
The bacteria had been induced with 100 of 100 mM isoprog 
p-D-galactopyranoside 30 min before phage addition to enauj 
tion of the phage capsid protein. Approximately 2 h after p 
tion, the bacteria lysed, and the phage sublibrary was add ^ 
agarose beads. After binding and washing the 8ublibrary,"a'B 
of selection was started. Following six rounds of selectioii;^ 3 
were arbitrarily isolated firom LB plates, and each dissolve' 
extraction buffer (100 mM NaCl, 20 mM Tris-HCl; pH.S.O^*' 
MgSO^X To disrupt the phages, the dissolved material wa«., 
with 10 mM EDTAi pH 8.0; and heated at 65 for 10 1 " 
DNA wM then amplified by^ PGR; using TT^SelectUF a 
DOWN' primers (T7Sel^ Cloning kit,' Novagen)/ After i 




tfironffiin^was" 



The proto«Ml fqr,the;Mlection8, witfr 
. uvity. was measured wims-zsw.aiasr o^em^ rMPPiA ^Sent thkt the incubation time was d« 

"witifti^'mhilntOT 



enteS^M^ were added to ime ofthe'sa^^ EK (0.7 fJ) or heparin 
(IQ^g) WM addi^^ tHe'reinaining tw^ samplesVpMp^^ Follow- 
ing 6 h^of incubation at 37 "C, the aliquots were mixed with 5 /xCi of PHI 
DF? (PerkinElmer Life Science8).and incubated for 16h at 37,*'C. After 
iiicubation, the samples were assayed by SDS-PAGE. The gel was 
stained with Coomassie Brilliant Blue, incubated for 1 h in 1 M sodium 
salicylate, and dried in a vacuum dryer. To analyze the amoimt of 
labeled DFP covalently bound to the protease active site, an x-ray film 
was exposed to the gel for 2 weeks. 

Determination of Cleavage Recognition Profile by a Phage Display 
Approach— A library of substrate peptides was generated by synthesizing 



rMCP^i except that the inciib^ation time w^ 
four roiinds of seleikion were perf^ 
• Testing P^e Display 
the sequent firom tlifi phj^^ 
for rMCi!-4?^md tp'cOTififm 

synthetic' pieptide v wiw'' coiistriiiited^ firom the" ^'^^edv ,^ 
The peptide substratef NI^-LVW^ iimc^^i^ 
Engstrdm,' bejpartmerit of Mediwl' Biochei^^ 
BMC, Uppsala, Sweden), was dissolved in MesaSQ- EOTerent,^^^ 
tions of the peptide (10% Mcj^O in PBS, pH 7.2) were inculw^ 
min at 37 *C with 16 ng of rMCP-4, with or without hep ' 
samples from the incubation mixtures were applied to a J 
ST 4.6/150 HPLC column (Amersham Biosciences) pre-equilibra^ 
2:3 ratio (v/v) of 70% acetonitrile with 10 mM NaOH. The colu 
eluted with a linear gradient of acetonitrile ranging firom 30 to 7 
25 min. The eftluent was analyzed by monitoring spectrophotb 
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RG 1. Interaction of rMCP-4 with heparin. A. affinity chroma- 
Waohy of rMCP-4 on heparin-Sepharose. A sample (10 ^g) was ap- 
^ to a heparin-Sepharose column. The column was eluted stepwise 
Sft toaeasSig NaCl concentrations. Enzymatic «<=^-'^^'°f_« ^^"^ 
^ons was measured with the chromogemc substrate S-2586. B 
Son of rMCP-1 activity toward S-2586 by hepann rMCP-4 was 
IBi^ed with pig mucosal heparin at different mass (w/w) ratios. The 
^Mymatic activity was measured with S-2586. 

J at 412 nm. Fractions corresponding to peaks were collected and 
dyzed by mass spectroscopy. 

RESULTS 

Purification, and Analysis of Recombinant 



-The coding region for rMCP-4 was PCR-amplified 
ng the corresponding full-length cDNA clone as template, 
be construct contained an N-terminal Hisg tag followedby an 
k Bite that replaced the natural activation peptide. The re- 
ating fragment of 711 bp was inserted in the pCEP-Pu2 
"'iior in frame with the BM40 signal sequence, which is a 
Ml sequence derived from the human protein SPARC (ge- 
«d orotein, acidic and rich in gysteine), also referred to as 
jonectin The pCEP-Pu2 vector containing the protease con- 
st was introduced into the 293-EBNA cell line by Lipo- 
WE transfection. Recombinant rMCP-4 present m the 
medium was purified by Ni-NTA affinity chromatogra- 
imi was subjected to enterokinase digestion. Many of the 
|u8 isolated chymases show binding to heparin, mediated 
ptively charged amino acid residues located at the cby- 
Hirface (16-18). Experiments, were therefore carried out 
Ihnine whether the recombinant rMCPr4 showed affinity 
"»rinv EK-digested rMCPr4 was loaded on columns of 
ISepharbse^ which werp eluted stepwise with: buffera 
"^Igf increasing concentrations of NaCl';; These expend 
iiowedl almostf i06« binding, of rMCE^4 to; hepariK^ 
JatiiiS M KaCl anamtioffbf the ijrotem^^^^ 
..JTiji)'TCeii^epa^ 
|^^8i£if^£^MC^€aftK^ 

6^:^;. fVomf the; EK-diEe8ted> 



FIG. 2. Expression of recombinant rMCP-4 byKEK 293-EBNA 
ceUs. A His-tagged recombinant protease was purified from ceU oil- 
^medium ^fShig Ni-NTA-agarese beads, as described under "E^ 
omental Pr4dures.' The purified protein sample was then cleaved 
^JTenteroldnase to remove the purification tag. Subsequently en- 
terokinase-digested rMCP-4 was purified °° ^^eP^^if^P^^^f 
move the entln,kinase. rMCP-4 digested with 

one control sample without enterokmase digestion (-EK) were ana 
wrbrSDS-PAGE (-2.5 ^.g of protein/lane) followed by staining 
'^fft Coomassie Brilliant Blue B binding of DFP to recombman 
rMCP-4. Approximately 2 Mg of EK-cleaved rMCP-4 
or without (-) heparin and the same amount of nncleaved rMCP-4 
(IeK) were incubated with PHJDFP as d««7^d under "Expenmen- 
tal Procedures." The samples were separated by SDS-PAGE (12% 
polyacrylamide), and pHlDFP-labeled bands were visuahzed by 
autoradiography. 

rMCP-4 to hydrolyze S-2586 (MeO-Suc-Arg-Ala-Tyr-pNA) was 
tested S-2586 has previously been utilized as an efficient sub- 
strate for the main chymase found in rat connective tissue mast 
cells, rMCP-1 (19). rMCP-4 was indeed shown to hydrolyze 
S-25'86 S-2586 hydrolysis was strongly enhanced by hepann in 
a dose-dependent manner and was barely detectable at subop- 
timal heparin concentrations (Fig. IB). The specific activity 
toward S-2586 (at 1 mM concentration of S-2586) was -0.6 
pmol of hydrolyzed S-2586 s-'/^g rMCP-4 at a 1:1 protease to 
heparin (w/w) ratio. Attempts were made te determine K„ ana 



)arin vw(w^ « owu. ^^1.1.— ■ ...» 

H , values of rMCP-4 for S-2586. However, no levehng out of 
the curve corresponding to the substrate cleaving rates was 
reached at S-2586 concentrations up to 3.6 mM. Above this 
concentration 8-2586 was not soluble, and determination of 
kinetic parameters was therefore not possible. ^; y ^ - 
The serine protease inhibitor DFP, which covalently binds to 
the serine residue in the catalytic triad, can be used to detect 
active serine proteases. EK-digested rMCP^i^^or v^tb^^^ 
heparin, w^^cubatbr ynthv^H-j^^FP^ 
wei^ sepa^itediby SpSrPAGE^^^o^^^^ 





__^eipi»SJ»^ 



m 



ofStuIar msiss of rMCP^ before EE; digestion, as de- 
X^l the migration on SDSrPAGEj wm estimated to be_ 
2A).' AfitCT: ent^roKnase digestion? a- molecular 
^ kba wis obwrved fof tfie matiiire'protealBei; which^ 
^weil with the cklcvdsited thMreti&l value of 24,987 
ause thehistidine tag and the enterokinase cleavage 
li-S kDa in size to the recombinant protease* the 
fm^ of the uncleaved fiision protein is close to the 
&alue;-' v > - ■ • - • - ■ - 
WAjudysia of Recombinant rMCP-4-Based on struct 
§pariBons with other serine proteases, rMCP-4 is ex- 
^display chymotrypsin-like substrate specificity, i.e. 
^bstrates at the C-terminal side of aromatic anuno 
lijes. To test whether this is the case, the abiHty of 



S^nas^Si^l^^ 

"^r^^^r,^^^ that no other s 



ch^tiyptiF^t^^LweKp^ 

i^ti^Stei^t^ni^ild^lW 
d^t^-^»iW^W?tai&tshow^ 

?^Aai6eSiiei TiffikiorK'of rMCP:44:-EK:dige8ted^rt«CP-4 w^^^ 
active site^titnit^ with'oi-antich'yinbtrypsini a P™*^ "^Pj 
itbr belonging to the serpin family: Close to 10(W& inhibition of 
rMCP-4 wis obtained at a molar ratio of inhibitor to prote^of 
-rl:l, indicatiiig that essentially all of the recombinant rMCP-4 
molecules were correctly folded (Fig; ^■■■■■'J^-^';:,'f^'^i:''. / 

Determination of Substrate Recognition Profile bySubstmte 
Phage SeUction-A phage dispUy analysis was performed to 
determine the substrate specificity of rMCP-4 in more detail. 
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|ai* anlichymotrypsin] / [rMCP-4] {molar ratio) 

t^v. ^\ Titration of rMCP-4 with ai-antichymotrypsin. oti-Anti- 
u nirviiain was added to samples of rMCP^ (1 ^tg) at the ---- 
» r it 08 indicated. After 16 h of incubation, residual activiti 
JJr^\ with the chromogenic substrate S-2586. 



various 
activities were 



Th> C terminus of the capsid- protein 10 of the T7 phage was 
' iimloted to contain a nine-amino acid-long random peptide 
TulvtHl by a histidine tag. The histidine tag was used to 
l\\>r the phages to a matrix. Phages with a random peptide 
TV is susceptible to protease cleavage will be detached from 
th nuUrix and can therefore be removed and be propagated. 
Tl \v\onse of phages after each protease digestion step was 
a Xrutined by titration and plating in top agarose. The number 
f Knivvd phages after each selection compared with the con- 
° \ is »hown in Fig. 4. After six rounds of selection, the addi- 
t"* iV r^^CP-4 to the amplified library gave a 20-fold higher 
TUe of phages than the control library with buffer only. 
.Wr six rounds of selection and propagation, 32 individual 
1 iiLY plaques were picked and sequenced (Table I). A consensus 
M iH? seen when aligning the phage sequences, especially at 
0 " N-temiinal side of the scissile bond. The nomenclature by 
Sduvhtor and Bcrger (20) is used to designate the amino acid 
^ilixK^s in the substrate cleavage region, where Pl-Pl' corre- 
^Ki* to the scissile bond. The obtained sequences (indicated in 
^ t>T» Table D were aligned according to the presumed 
d nv5*ge site. The result for each given subsite is shown in Fig. 5, 
Lri the heights of the bars in each diagram represent the 
axH^tages of that amino acid in the subsite, given by the 
n*ed phage display sequences. The predominant P4 amino 
dd (Fig- ^ whereas Val dominates in the P3 position 
fpiff 5BX A preference for Trp and other aromatic amino acids 
in K (Fig. 50, Only five of the total (32) number of 
fiPQvknced dwies^ lacked an, arobaatic P2 amino add residue, 
f^^they had Leu Ctw^ sequences); Met (two sequences),, or 
^^L^ sequeiice):i The phage displayranalysis indicates, that 

■ '^^rSTl^ ammo acid lEL the 

fc ^^^^^ to^^^pKr4 
ainww' aad/^ sm^ side chains at the P2'. 



30 - 



o 

C 20 



CP 



i'ioflS^va^iw dbn^M.. weref 

^^^ggj^'To^^ thes6; clones had . the. exact same' sequence, 
S^^i^et-Val-Pro-Arg-Thr-Gly-Ser. When dissecting this se- 
P4-P1, the resulting spedfidty is P4-Met, PS-Val, 
and Pl-Arg; The four remaining sequences (the most 
rvrtAdiis PI positions are underlined) were Met-Ala-Ser-Pro-Aig- 
^^^Aig; Gly-Ala-Lys-Pro-Arg-Ala-Leu-Arg, Ser-Arg-Ala- 
^^^^jgl^-Lys-Val, and Arg-Trp-Ser-Pro-Arg^r-ne-Tyr-Gly. 
Vasss tte positional-scanning synthetic combinatorial library 
^^d. the substrate specifidty for thrombin has been deter- 



Number of selections 

Fig. 4. Titer of released substrate phages after digestion 
rMCP-4. The C terminus of the capsid protein 10 of the T7 pha^^ 
manipulated to contain a nine-amino acid-long random peptid' 
lowed by a histidine tag. The histidine tag was used to andi;' 
phages to a matrix. Phages containing a peptide that is suscep^ 
protease cleavage are detached from the matrix and can subseq 
be removed from the matrix and further propagated. The figure 
the number of plaque forming units iPfu) after each round of sel; 
The filled bars represent library incubated vrith protease, and the 
bars represent control library without protease addition. 

mined previously to P4-Nle (norleucine, substitute for Met 
Xaa and P2-Pro (strictly), with the use of Pl-Arg (21). 
digestion of the phage display Ubrary with thrombin resul ' 
amplification of sequences that are essentially identical 
known cleavage specifidty for thrombin. This demonstratesj 
our T7 phage display substrate library can be used as a poy 
tool for determining substrate specificity. 

Testing Phage Display Results in a Synthetic Peptide-~^To 
ify that the sequences from the phage display analysis^ 
indeed substrates for rMCP-4 and to confirm the deavage si 
synthetic peptide based on the aligned sequences was prep 
The peptide, NHa-Leu-Val-Trp-Phe-Arg-Gly-COOH was 
bated with rMCP-4, and the cleavage products were separa 
HPLC. The mcyor peak (and only visible peak except; K 
starting peptide and the flow-through of Me2S0) was dete 
to be NHa-Leu-Val-Trp-Phe-COOH by mass spectroscop^ 
onstrating that the synthetic peptide was cleaved exclusi, 
the Phe-Arg bond (Fig. 6). The specific activity toward Nl' 
Val-Trp-Phe-Arg-Gly-COOH (substrate concentrationf| 
was 24 pmol of hydrolyzed peptide s'V/ig rMCP-4 at afj^ 
tease to heparin (w/w) ratio, Thiis, the specific activity %r" 
was! .rr40-foldi higher toward . NHg-LeurVal-Trp-Phi: 
COOH than S-2586 at 1 mM substrate concentratidiiu^ 
mine the i^'and A^J^ valued of rMCP-4 toward NHg-I^BU^' 
PhiS^Ai^-GlyrCOOHf' rMCP^-'w^^ 
ina«asii£ff 

:,tiSa;x^Sfemir^ 

fonnedTdi&tvage shown);;;an_^ 
tidns were routinely interrupted within th^ linear p^as 
enzymatic^r^^ (20 min): Bas^ ra;^^ 
value' of "l 6^^^^^ mM and ijk^y^xif^ ^ 
I^^-teu-yafc 

trast>ith S-2586 (see above), no difference in activi; 
NHa-Leu-Val-Trp-Phe-Arg-Gly-COOH could be seea 
rin was exduded;' [ ■• ^ ^ 

A search in the SwissProt data base was perfdnn^^ 
trieve potential natural substrate proteins for rMCP^S 
generated consensus sequence, based on the resul 
the phage display experiments was used to perform ai; 
with the ProteinProspector (University of California^; 
Francisco): P4 (Leu, Val, Trp, Tyr. and Ala). P3 (Val, 



Biochemical Characterization of rMCP-4 

Table I 
Target sequences for rMCP-4 

-•-0 add sequences of the randomized nonamer regions present in rMCP-4 susceptible phages are showTi. Susceptible , 
six rounds of selection with rMCP-4. Phage clones (32) had their random sequence determined by sequenang \%ith 
-al structure of the amino add sequences in the phage dones is PGGX^HHHHHH, where X indicates the randomized 
aligned hypothetically into a P4-P2' consensus (shown in bold type) where deavage is proposed to occur between the 
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phages were sequenced 
TTSelect primers. The 
region. The sequences 
PI and PI' amino add 
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Met). P2 (Trp, Phe, and Tyr), PI (Phe and Tyr). PI' (Arg, 
iffi^d Asn), and P2' (Gly and Leu). This search identified 95 
itial human and rodent substrates. Another search was 
rformed with the sequence P4 (Leu). P3 (Val), P2 (Trp), 
IfX (Phe and Tyr) with no PI' and P2' amino acid prefer- 
<^ This search identified 19 proteins. A large number of the 
jed proteins were regarded as less likely to be substrates. 
^ ' pie if the cleavage sites were in a transmembrane 
or^if the protein was intracellular. However, among the 
likely; 'candidate substrates we identified "plaBmihogeri 



itbr-lf protein C, 



feiii] Fey m ('Table H) ' 



procollagen C pi:x)teinase' en- 

biW my^-^'P-^} ^pmm f^b/y 




-"'^ ' mas^&ils s 
l^mS^oai^^^ 
'^tiu^' prbtie^^ includerSctivatioia^^of 
'^Qtrstimulation of int^rleuldn-S. reles^^ 
"e^t' of neutrophils 

^Tiuman cliyma^ angiotensin I degiadatipnXrMCIi- 
j^pf yasoactiv^^ intestinal peptide; and inactiyati 
!ltory keuropepti^^ 5y 22); Several chymases from 
^species have been characterized previously; and they 
te wide variations with regard to charge, proteogly- 
: properties, catalytic efficiency, and resistance to 
is-; This indicates that the various related chymases 
STye different roles in mast cell function. In rodents, the 
'on pattern for chymases varies with mast cell subtype 
"tion, further supporting distinct functions of the dif- 
thymases. 

study, rat mast cell proteaBe-4 was produced in a 
ian expression system. rMCP-4 is an active protease, 



as demonstrated by cleavage of a chromogenic chymotrypsin 
substrate and by binding of pHJDFP. a potent serine protease 
inhibitor. Further, the expression system produced essentially 
100% correctly folded enzyme, as indicated by active site titra- 
tion of rMeP-4 with ai-antichymotrypsin. 

Recombinant rMCP-4 bound to heparin with moderate affin- 
ity, and this interaction was essential t« achieve hydrolysis of 
S-2586;:This may be in agreement with previous findings for 
rMCP-l',' where heparin wak shown to stim^^^ 
ysis byjowering the /T^' for thislsutist^^^ 
only tHe"! cleavage' of positivel>^^ chai^ed^su^^^ as 
: 3-2586^^ 

J- itl wasl suggested! that^ h^ariai acts^ bjr^in^^ 
^ 'diSrged groups on the. chymase: surface, ,therebgfacmtatmg>;; 



m 



rUCF^^^^ii^^ Reflect' ii^^ 

pi^enoe^pf .tbe jVioi^r 

ity, of ©Jactiyie sife^^^^ 

towfudi iwsitivyy.-' iia^ by" 
binding to pqlyanionis such ais heparin* It is inipor^wt tii note 
that everi in the prese the actiyi^ of rMCP-4 is 

much lower (--706 times) than the activity ojf VMCP-1 toward 
the sanie substrate. 'This may reflect the highly stringent sub- 
strate specificity of fMCP:4 and that the structure of S-2586 
differs significantly (except for the PI position) firom the con- 
sensus for recognition by rMCP-4 (s^e below). 

Although chymases hydrolyze peptide bonds preferably after 
Phe or Tyr residues, the extended substrate specificity, and 
hence the preferred cleavage sites and target protein, can dif- 
fer. To characterize the extended substrate specificity for 
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Fic 6. Separation of substrate peptide P~5|i, 
HPUI^lie^aligned phage display ««l«XforrMCTl A 8^ 
the extended substrate recognition profile for syn^ 
t^otwTmatching this pioKe was made. T%e PfP* ^e- 
?g?he-^g-GlyW (1.04 n^O. was in<^bated^^ 
and the cleavage products were separated by HPLC. feaKcon^ 

rMCP-4. a librao' of random P^P^id^^^.Jf.f ^^1^/?,, 
phage was screened for protease susceptibility. The ph., 
play analysis revealed that rMCP-4 had surpnsinglj^. 
substrate specificity, even when using quite large amotm 
protease and relatively long incubation times. The ahgnm 
32 sequenced phage clones revealed a consensus P4- , 
Val-Trp-Phe-Arg-Gly. The corresponding peptide was 
sized and this substrate was hydrolyzed 40 times mo. 
cientiy than S-2586 in the presence of hepann. j- 

When comparing the results in the phage display an 
rMCP-4 with the substrate specificity analysis for _i 
performed by Powers et al. (8). several feat"ef^| 
zymes were shown to be shared. The "nost preferw| P 
acid for rMCP-2 was shown to be Val, fo»°^ed.^°\ 
Thr. and Phe. a result that correlates well 
display result for rMCP-4. Because no P2 aromatip 
were included in the rMCP-2 study, it is not po8|i| 
mine whether rMCP-2 and rMCP-4 8umta|^ 
preferences. The study by Powers et al, (8) fM^^ 
favored PI residue When suteutiibng- 

" Tyr; a l6-fold decreMe of v?aa oteeiy^' 
" iii^ti.TVp:resul1^m,i;100;foWl^ 

•_'/ij?iik-« Khmn«'AWotryD8m:A;aDa,Oi,i 



wTy iLMPVTSCAaNOHOEKB ■ 

'^l^X^^^^lC^i^'^y BeauTncee shown in Table I. 



an «ia r«.uu. position 226 (chymottjTPSinj 
an ne residue occupies position 226 in rMCP-4?; 
might restrict the? Sl pocket even more and|! 
against PI Trp substratiesf;'K3l^*Af ^-i ^^>''^>^ 'f *j 
- Jri vitm. the substrate specificity of a protease 
well defined. However, in vivo, other factors such .« 
and the expression level of the protease as jelk 
avaUability must be taken into consideration. To i-^, 
date in vivo substrates for rMCP-4, data base 
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Table II 

fseareh in the SwissProt data ha«. »o. • j Potential substrates for rMCP-4 

|(LVWYA), P3 (VTLM), P2 (WPm-l OTOpi WPql/T '''S substrates for rMCP^ The sean* allnw«l • . • 



Target sequence 



PI 



PI- 

~R 
S 
N 
N 
S 
N 
H 



P2' 

"g" 

G 
G 
S 
S 
G 
A 



Potential substrate, accession number (deavage site) 



IcP^ 'r^^^^^f^'^^'f ««iuence for substrate recognition 

i^^r LteS l'^'^' Pnxx,llagen C-pn,teinase 

icer protein. This protein potentiates the activity of procol- 
l C-protemase. which removes the C-terminal propeptide of 
.Hagen. The potential deavage site for rMCP-4™^2 °f 
.t (most N-terminal) CUB domain, which is the motifwith 
^^ancing capability. Thus, its cleavage by rM?P-Tmav 
JM; decreased amounts of collagen present at the of 
I^U degranulation. Another potential substrate in .Vo may 
ktT K^t".'''!?""' inhibitor-I. Destruction of plasSogeJ 

itS^ 2i ? "'^ P^^^'yt'c degradation 

r» J ^''^ P"'**^" C was identi. 

f of l^f ^ blood-clotting cascade. InaC 

5|^mC could thus result in enhanced coagulation at 

^ icai function of the MMC proteases is uncertain 

»a the MMC granules and their release under in- 



ftfltein C precursor, rat P31394 (406-111) 

rtDcoUagBD C-proteinase enhancer protein rat OORfiM m^o 
Conation factor V. human P1225972oK20? ^ "'"-"'^ 
TGF.p receptor type m, rat P26342 (5ia-S23) 
^ysteine-nch secretory protein-3, human P54108 (142-1471 
Plasm^ogen activator inhibitor-1. rat P2C>961 (igi il^)^^' 
Low affinity Ig y Fc region r^pt^r ni rat ^7^5 (2ilt>^ 



natural substrates. This is the first report where detailed sub- 

performing peptide phage display analysis. Future work^l Z 
aj^ed at determining whether potential pro~Js^ e^ 
which have been identified as possible tai^t^ based on Se Is-' 
ence of consensus sequences recognized by rMCPwi !i 
mvo targets for the protease. Thfpeptide pha^ isTay 
nique may also be utilized for detenkining deSS suLt^at 
specificity analysis of other members of ItTym^S 
which may lead to a better understanding of the S oK 
enzymes during mast cell-mediated reactions. 

pertJS*oTpL-C?„airj.*'^ '° ^"^^^ ^-"e.uist for 
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feta^eMMC.pro^^^^^^^^ 
^^Jecause of increased expr«ssibn Withiii each ceU or 

l%fl**°" ?'?'°^'^ ""'"f or of any other 
n^u^t involve the determination of 
pjbstrate specifiaty along with identification of their 
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